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ABSTRACT 

A paramet r ic  s tudy  w a s  made of a group of separate-flow-exhaust 
turbofan engines  f o r  advanced technology a i r p l a n e s  designed t o  c a r r y  300 
passengers over a t r a n s c o n t i n e n t a l  range. Cru ise  l i f t - d r a g  r a t i o s  com- 

machinery perceived n o i s e  w a s  c a l c u l a t e d  a t  both  t h e  s i d e l i n e  ( I f f  t-of f )  
and approach measuring s t a t i o n s  s p e c i f i e d  by FAR P a r t  36. Noise goa ls  as 

1 p a t i b l e  wi th  t h e  s u p e r c r i t i c a l  wing w e r e  assumed, Combined j e t  and f a n  

P low as 106 PNdB could be  m e t  w i th  20 PNdB of a c o u s t i c  t rea tment  w i th  a 
U-l two-stage f a n  having a p res su re  r a t i o  of 2.25 a t  c r u i s e .  With t h i s  
UJ U-l amount of suppress ion ,  a n o i s e  goa l  about 10 PNdB lower could b e  m e t  w i th  
I a s ing le - s t age  f a n  having a p res su re  r a t i o  of 1.90. The a i r p l a n e  f i g u r e  

of m e r i t  ( range o r  gross  weight) w a s  compromised by t h e  r educ t ion  i n  f a n  
Pressure  r a t i o ,  however. Although t h e s e  parameters w e r e  optimized by re- 
ducing c r u i s e  speed t o  about Mach 0.90, d i r e c t  ope ra t ing  c o s t  w a s  mini- 
mized by designing f o r  c r u i s e  a t  Mach 0.94. Noise goa ls  as low as 
96 PNdB can probably be m e t  a t  what looks t o  b e  only a moderate economic 
penal ty .  
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OPTIMIZATION OF ENGINES FOR COMMERCIAL A I R  TRANSPORTS DESIGNED FOR 

CRUISE SPEEDS RANGING FROM MACH 0.90 TO MACH 0.98 

by John B. Whitlow, Jr . ,  and Gerald A. Kra f t  

L e w i s  Research Center 

SUMMARY 

A paramet r ic  s tudy  w a s  made of a group of separate-flow-exhaust 
tu rbofan  engines  f o r  u se  i n  advanced technology a i r p l a n e s  designed f o r  
c r u i s e  speeds ranging from Mach 0.90 t o  0.98. 

m t o  c a r r y  a payload of 300 passengers over a t r a n s c o n t i n e n t a l  range. 
v) Cruise  l i f t - d r a g  r a t i o s  compatible wi th  t h e  s u p e r c r i t i c a l  wing w e r e  

I assumed. A ma t r ix  of s tudy  engines wi th  f a n  and compressor p re s su re  
r a t i o s  and bypass r a t i o  as v a r i a b l e s  w a s  s tud ied .  Engine weight w a s  
allowed t o  vary  w i t h  bypass r a t i o ,  o v e r a l l  p re s su re  r a t i o ,  and a i r f l o w .  
The engines  were s i z e d  f o r  c r u i s e .  Turbine r o t o r - i n l e t  temperature  w a s  
f i x e d  a t  2300' F a t  takeoff  cond i t ions ,  b u t  w a s  allowed t o  vary  dur ing  
c r u i s e  t o  opt imize an a i r p l a n e  f i g u r e  of m e r i t  ( e .g . ,  range o r  gross  
weight)  whi le  s imultaneously observing takeoff  and climb t h r u s t  con- 
s t r a i n t s  e 

ca lcu la t ed  f o r  s e l e c t e d  engines a t  both t h e  s i d e l i n e  ( l i f t - o f f )  and 
approach measuring s t a t i o n s  s p e c i f i e d  by FAR P a r t  36. 

The a i r p l a n e s  w e r e  s i z e d  
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Combined j e t  and f a n  machinery perceived n o i s e  levels w e r e  

It w a s  found' t h a t  n o i s e  goa ls  as low as 106 PNdB could b e  m e t  w i th  
20 PNdB of i n l e t  and duc t  a c o u s t i c  t rea tment  w i th  two-stage f ans  having 
a des ign  ( c r u i s e )  p re s su re  r a t i o  of 2.25. With t h e  same amount of ma- 
chinery n o i s e  suppress ion ,  i t  w a s  found t h a t  a n o i s e  goa l  approximately 
10 PNdB lower could b e  m e t  wi th  a s ing le - s t age  f a n  having a des ign  pres-  
s u r e  r a t i o  of 1.70. 
r educ t ion  i n  f a n  p res su re  r a t i o ,  however, e s p e c i a l l y  a t  c r u i s e  speeds 
approaching t h e  Mach 0.98 upper l i m i t  considered here .  The a i r p l a n e  
f i g u r e s  of m e r i t  of  range and gross  weight were optimized by s e l e c t i o n  
of a design c r u i s e  speed a t  t h e  low end of t h e  spectrum i n v e s t i g a t e d .  
Direct ope ra t ing  c o s t ,  however, w a s  minimized a t  a s l i g h t l y  h ighe r  c r u i s e  
speed (about Mach 0.94) .  A t  t h i s  c r u i s e  speed,  i t  w a s  found t h a t  n o i s e  
goa ls  as low as 96 PNdB can b e  m e t  a t  what appear t o  b e  only moderate 
economic p e n a l t i e s .  

The a i r p l a n e  f i g u r e  of m e r i t  w a s  compromised by t h i s  

INTRODUCTION 

The s u p e r c r i t i c a l  wing proposed by Whitcomb (ref. 1 )  o f f e r s  t h e  
p o t e n t i a l  f o r  de lay ing  t h e  t r anson ic  drag  rise experienced by present -  
day subsonic  j e t  t r a n s p o r t s  as t h e i r  f l i g h t  speed approaches Mach 1. 
Transport  a i r p l a n e s  us ing  t h i s  wing could then  c r u i s e  a t  somewhat h igher  
speeds than  i n  p re sen t  commercial u se  wi th  l i t t l e  o r  no penal ty  i n  l i f t -  
drag r a t i o  (L/D). A l t e r n a t i v e l y ,  a t  lower c r u i s e  speeds (e .g . ,  around 
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Mach 0.9) t h e  advanced wing technology w i l l  permit  less sweepback and/or  
more th i ckness ,  increased  a spec t  r a t i o ,  e tc .  Such changes could r e s u l t  
i n  h igher  c r u i s e  L/D o r  less wing weight f o r  t h e  same L/D. I n  t h i s  
s tudy i n  which des ign  c r u i s e  speed w a s  v a r i e d  from a maximum of Mach 0.98 
down t o  Mach 0.90, it was assumed t h a t  wing weight f o r  any g iven  takeoff  
gross  weight would remain cons tan t  as design speed w a s  reduced b u t  L/D 
would inc rease .  L / D ' s  w i th  t h i s  schedule  are pos tu l a t ed  a t  Mach 0.98 t o  
be  near  t h a t  ob ta inab le  i n  p r a c t i c e  now wi th  t h e  Boeing 747 c r u i s i n g  a t  
Mach 0.86. is  pos tu l a t ed  t o  
be  s l i g h t l y  above t h a t  obtained wi th  t h e  Boeing 707-320B designed t o  
c r u i s e  a t  Mach 0.80. 

A t  Mach 0.90 w i t h  advanced technology, L/D 

Previous s t u d i e s  ( r e f s .  2 and 3) have been made t o  d e f i n e  t h e  op t i -  
mum engine design parameters f o r  a Mach 0.98 advanced technology t r ans -  
po r t .  ' I n  t h e s e  s t u d i e s  range w a s  allowed t o  vary  as t h e  a i r p l a n e  f i g u r e  
of meri t  as d i f f e r e n t  engines  were i n s t a l l e d  i n  a f i x e d  a i r f r ame  of con- 
s t a n t  weight.  Takeoff g ross  weight (TOGW) and payload were a l s o  f i x e d .  
I n  t h e  f i r s t  s tudy  ( r e f .  2 ) ,  t h e  engine c h a r a c t e r i s t i c s  w e r e  determined 
f o r  an engine t h a t  would meet a n o i s e  goa l  of 106.5 PNdB a t  t h e  s i d e l i n e  
and approach measuring p o i n t s  s p e c i f i e d  by Federa l  A i r  Regulat ion P a r t  36. 
I n  t h e  second s tudy  ( r e f .  3 ) ,  t h e  engine parameters requi red  t o  meet 
no i se  goa ls  as low as 86 PNdB were examined. I n  both of t h e s e  s t u d i e s ,  
several s impl i fy ing  assumptions were made (e .g . ,  t u r b i n e  r o t o r - i n l e t  tem- 
pe ra tu re  '114 a t  c r u i s e  w a s  always 200' F lower than  a t  takeoff  and take- 
o f f  and c r u i s e  f a n  p res su re  r a t i o  FPR, bypass r a t i o  BPR, and compressor 
p re s su re  r a t i o  w e r e  t h e  same). 

I n  t h e  p re sen t  s tudy ,  a i r p l a n e s  are considered f o r  des ign  speeds of 
Mach 0.90 and 0.94, as w e l l  as Mach 0.98. I n  t h e  f i r s t  p a r t  of t h e  
s tudy ,  range i s  aga in  used as t h e  f i g u r e  of m e r i t  f o r  a i r p l a n e s  w i t h  
f i x e d  TOGW, a i r f r ame  weight ,  and payload ( a s  i n  r e f s .  2 and 3 ) .  A s  t h e  
engine des ign  parameters w e r e  changed, both t h e  s p e c i f i c  f u e l  consumption 
( s f c )  and engine weight (and, hence,  f u e l  weight) changed, t hus  causing 
range t o  change. But range as a f i g u r e  of m e r i t  does no t  r e f l e c t  t h e  
importance of block t i m e  reduct ions  a f forded  by h ighe r  c r u i s e  Mach num- 
be r s .  Direct ope ra t ing  c o s t  (DOC) as ca l cu la t ed  by t h e  s tandard  ATA 
method ( r e f .  4) does ,  however, r e f l e c t  t h e  importance of block t i m e  i n  
economic terms. Hence, DOC w a s  ca l cu la t ed  i n  t h i s  s tudy  f o r  engines  
optimized t o  meet a range of n o i s e  goa ls  as low as 86 PNdB. Changes i n  
engine a i r f l o w ,  f u e l  weight ,  a c o u s t i c  t rea tment  weight ,  block t i m e ,  and 
range caused DOC t o  vary  as t h e  engine design parameters were changed. 

Ranges from 3000-plus m i l e s  t o  more than  4000 n a u t i c a l  m i l e s  w e r e  
A more meaningful comparison obtained i n  t h e  f i r s t  p a r t  of t h e  s tudy .  

of a i r p l a n e s  is  obta ined  i f  range i s  f i x e d  and a i r p l a n e  TOGW is  allowed 
t o  vary as requi red .  This  w a s  done i n  t h e  second p a r t  of th is  s tudy  
(with range f i x e d  a t  3000 n.  mi . ) .  Airframe weight ( i . e . ,  OEW minus 
i n s t a l l e d  engine  weight) w a s  assumed t o  remain a cons tan t  percentage of 
t h e  TOGW, based on d a t a  from re fe rence  5.  These TOGW c a l c u l a t i o n s  
were made only f o r  s e l e c t e d  engines  which were shown t o  b e  optimum a t  
each no i se  level  i n  t h e  f i r s t  p a r t  of t h e  s tudy.  DOC w a s  aga in  calcu- 
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l a t e d  i n  much t h e  same way as be fo re  except  t h a t  i n  t h i s  p a r t  of t h e  
s tudy a i r f rame c o s t  was  assumed t o  vary  wi th  a i r f rame weight.  

I n  t h e  p re sen t  s tudy ,  T4 a t  takeoff  w a s  f i x e d  a t  2300' F because 
d a t a  from re fe rences  2 and 3 ind ica t ed  t h a t  h ighe r  temperatures  d i d  n o t  
o f f e r  any apprec iab le  b e n e f i t s ,  e s p e c i a l l y  when n o i s e  c o n s t r a i n t s  w e r e  
appl ied .  The T4 at  c r u i s e  ( t h e  engine s i z i n g  condi t ion)  , however, w a s  
allowed t o  vary  from 2200° F downward as requi red  t o  maximize t h e  air- 
p lane  f i g u r e  of m e r i t  wi th  t h e  c o n s t r a i n t  t h a t  enough t h r u s t  must be  
a v a i l a b l e  f o r  t akeof f .  ( I n  r e f s .  2 and 3, T 4  a t  c r u i s e  w a s  a r b i t r a r i l y  
assumed t o  b e  200° F less than  a t  takeoff . )  Cru ise  T4 i n  t h i s  s tudy  
was  n o t  allowed t o  exceed 2200° F ( i . e . ,  t akeoff  and climb 
100' F) s o  t h a t  some a c c e l e r a t i o n  would s t i l l  b e  a v a i l a b l e  as c r u i s e  w a s  
approached. This  r e s t r a i n t  e l imina ted  t h e  p o s s i b i l i t y  t h a t  i n f i n i t e  t i m e  
t o  climb up t o  c r u i s e  might b e  requi red .  A s  i n  t h e  previous s t u d i e s  of 
r e fe rences  2 and 3, t i m e  and range  t o  climb up t o  c r u i s e  w e r e  assumed t o  
remain cons tan t  i n  a l l  cases. This  assumption may be  somewhat more in -  
accu ra t e  i n  t h i s  s tudy  s i n c e  c r u i s e  Mach number and a l t i t u d e  now va ry ,  
b u t  i t  i s  thought t o  be  of only secondary importance t o  t h e  o v e r a l l  
mission t i m e  and range. 

T4 minus 

Another d i f f e r e n c e  between t h i s  s tudy  and t h e  s t u d i e s  of r e fe rences  2 
and 3 is  t h a t  i t  is  no longer  accu ra t e  enough t o  assume t h a t  FPR, @om- 
p res so r  p re s su re  r a t i o ,  and BPR are t h e  same a t  takeoff  and t h e  c r u i s e  
des ign  poin t .  This  occurs because of t h e  d i f f e r e n t  c r u i s e  Mach numbers 
(and, hence, a l t i t u d e s )  s tud ied  i n  t h i s  r e p o r t  and a l s o  t h e  vary ing  d i f -  
f e r ence  i n  T4 between takeoff  and c r u i s e .  Hence, a component-matching 
computer program w a s  used t o  c o r r e c t  t h e  c r u i s e  va lues  of t h e s e  param- 
eters ( toge the r  w i t h  cor rec ted  a i r f low)  t o  t h e  takeoff  cond i t ion ,  as a 
func t ion  of c r u i s e  BPR. 

I n  r e fe rences  2 and 3 , t h e  est imated turbomachinery perceived n o i s e  
w a s  added a n t i l o g a r i t h m i c a l l y  t o  t h e  combined j e t  perceived n o i s e  of t h e  
f a n  and core  exhaus ts ,  as ca l cu la t ed  by t h e  SAE s tandard  method ( r e f s .  6 
and 7 ) .  It has  s i n c e  been discovered t h a t  t h i s  procedure underes t imates  
the  combined perceived n o i s e  by as much as 1 . 2  PNdB i n  the  s i d e l i n e  cal- 
c u l a t i o n  and 2.0 PNdB i n  t h e  approach c a l c u l a t i o n .  These maximum d5f fe r -  
ences occur when t h e  i n d i v i d u a l  perceived n o i s e  levels of t h e  f a n  turbo- 
machinery and t h e  combined j e t  streams are approximately equal .  The pro- 
cedure t h a t  w a s  used i n  t h e s e  previous s t u d i e s  i s  v a l i d  only when t h e  
s p e c t r a l  d i s t r i b u t i o n  of the n o i s e  sources  t o  b e  combined i s  similar.  
Sound p res su re  level (SPL) f o r  t h e  combined j e t  streams, however, is  
usua l ly  a t  a peak i n  t h e  second o r  t h i r d  oc tave  wh i l e  f a n  machinery 
peaks a t  a h ighe r  frequency (usua l ly  i n  t h e  s i x t h  oc tave) .  I n  t h i s  re- 
p o r t ,  a f a n  machinery n o i s e  spectrum w a s  assumed ( i . e . ,  SPL i n  dB as a 
func t ion  of frequency) and w a s  added a n t i l o g a r i t h m i c a l l y  a t  each oc tave  
t o  the combined SPL of t h e  two je t  streams. Prom t h i s  point on, t h e  
procedure f o r  computing t h e  t o t a l  perceived n o i s e  w a s  t h e  s a m e  as ind i -  
ca ted  i n  r e fe rence  6 f o r  j e t  n o i s e  c a l c u l a t i o n s .  

SPL 
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Climb c a l c u l a t i o n s  f o r  range, t i m e ,  f u e l  consumed, e tc .  w e r e  n o t  
made i n  t h i s  s tudy ,  b u t  were assumed t o  remain cons tan t  f o r  a l l  a i r p l a n e s  
considered,  except i n  t h e  second p a r t  of t h e  r e p o r t  where TOGW w a s  al- 
lowed t o  vary .  I n  t h i s  case, climb and letdown f u e l  were assumed t o  vary  
d i r e c t l y  wi th  TOGW. The aerodynamic d a t a  used i n  t h e  mission ca l cu la -  
t i o n s  w a s  a schedule  of c r u i s e  L/D a g a i n s t  des ign  Mach number. These 
L/D's w e r e  assumed t o  b e  v a l i d  f o r  a nominal engine pod diameter .  
engine pod diameter w a s  changed from t h e  nominal v a l u e ,  a i r p l a n e  c r u i s e  
L/D w a s  ad jus ted  t o  account f o r  changes i n  n a c e l l e  f r i c t i o n  drag.  It 
w a s  assumed t h a t  wave drag changes could be  l a r g e l y  e l imina ted  by re- 
area- ru l ing  t h e  a i r p l a n e  as t h e  s i z e  of t h e  engine pods changed. (This 
procedure is similar t o  t h a t  used i n  r e f .  3 but  i s  i n  c o n t r a s t  t o  t h a t  of 
t he  earlier r e f .  2 s tudy i n  which L/D w a s  assumed t o  s t a y  f i x e d  regard- 
less of pod dimensions.) 

A s  

SYMBOLS 

BPR 

C 
S 

D 

Fn 

FPR 

L 

M 

OEW 

OPR 

P 

R 

'wing 

SPL 

s f c  

bypass r a t i o  

c o s t  per  engine,  d o l l a r s  

l i f t  c o e f f i c i e n t  

speed of sound, knots  (n  mi/hr)  

drag  , l b  

n e t  t h r u s t ,  l b  

f an  p res su re  r a t i o  

l i f t ,  l b  

Mach number 

ope ra t ing  empty weight ,  l b  

o v e r a l l  Tan and-'compressor pressure r a t i o  -- 

t o t a l  p re s su re ,  l b / f t  

range ,  n m i  

wing planform area, f t  

oc tave  sound p res su re  level,  dB 

s p e c i f i c  f u e l  consumption ( l b  f u e l / h r )  / l b  t h r u s t  o r  hr-' 

2 

2 
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0 T t o t a l  temperature ,  F 

TOGW takeoff  g ross  weight ,  l b  

t o t a l  a i r f l o w  p e r  engine,  l b / s e c  

a i r p l a n e  g ross  weight a t  end of c r u i s e ,  l b  

‘a 

‘end cr 

W i n s t a l l e d  weight of t h r e e  engines ,  lb 

W takeoff  g ross  weight ,  l b  

W 

s pres su re  parameter , P/2116 

eng 

g 

s tar t  cr a i r p l a n e  g ross  weight a t  start of c r u i s e ,  l b  

e temperature parameter,  (T f 460)/519 

Subsc r ip t s  : 

cr c r u i s e  

s 1s s e a - l e v e l - s t a t i c  

1 fan  i n l e t  s t a t i o n  

2 f2:: d i scharge  o r  i n n e r  conpressor  i n l e t  s t a t i o n  

3 i n n e r  compressor d ischarge  o r  burner  i n l e t  s t a t i o n  

4 t u r b i n e  r o t o r - i n l e t  s t a t i o n  

METHOD OF ANALYSIS 

S e l e c t i o n  of TOGW and Airframe Weight 

I n  t h e  f i r s t  p a r t  of t h e  s tudy ,  as i n  r e fe rences  2 and 3 ,  i t  w a s  
des i r ed  t o  select  a f ixed  a i r f r ame  t o  hang paramet r ic  engines  onto.  
Range w a s  ca l cu la t ed  as t h e  a i r p l a n e  f i g u r e  of m e r i t ,  as i n d i c a t e d  by t h e  
equat ion  

‘start cr 

‘end cr 

(L/D) crMcrCs 
R = 350 4- s fc  I n  

The f i r s t  term on t h e  r i g h t  s i d e  of t h e  equat ion  ( i . e . ,  350 n mi) repre-  
s e n t s  t h e  climb p lus  letdown range assumed f o r  a l l  a i r p l a n e s  considered.  
The o t h e r  term on t h e  r i g h t  s i d e  of t h e  equat ion  r e p r e s e n t s  t h e  range f o r  
a Breguet c r u i s e .  
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F i r s t ,  i t  w a s  necessary t o  select  a reasonable  TOGW and a i r f rame 
weight t h a t  would provide  a range of approximately 3000 n a u t i c a l  m i l e s  
f o r  a payload o f  60 000 pounds (300 passengers a t  200 l b  each) .  Mcr w a s  
s e l e c t e d  t o  b e  0.98 wi th  a corresponding (L/D)cr a t  16.8. (The selec- 
t i o n  of L/D w i l l  b e  d iscussed  later.) The speed of sound cs i n  t h e  
s t r a t o s p h e r e  i s  573.3 knots .  A reasonable  i n s t a l l e d  c r u i s e  s f c  f o r  a 
high BPR turbofan  engine is  i n  t h e  v i c i n i t y  of 0.7 pound of f u e l  pe r  
hour per  pound of t h r u s t .  To eva lua te  t h e  logar i thm i n  t h e  last  t e r m  of 
the above equat ion ,  both t h e  TOGW and t h e  ope ra t ing  empty weight (OEW) 
are needed. 

Figure 1 has been cons t ruc ted  from d a t a  p o i n t s  of r e fe rence  8 t o  
show t h e  OEW as a func t ion  of TOGW f o r  e x i s t i n g  turbofan-powered sub- 
son ic  t r a n s p o r t s .  I n  determining t h e  TOGW and OEW combination t h a t  
w i l l  s a t i s f y  t h e  above equat ion  when R is 3000 n a u t i c a l  m i l e s ,  t h e  air- 
plane w a s  assumed t o  l i e  on t h e  curve f o r  "wide-body trijets" ( f i g .  1). 
An i terative c a l c u l a t i o n  is  necessary t o  p i ck  t h e  r i g h t  p o i n t  o f f  t h e  
curve t o  s a t i s f y  t h e  above equat ion.  In t h e  equat ion ,  t h e  numerator of 
t h e  l o g  term is  simply t h e  assumed TOGW minus t h e  f u e l  consumed i n  
climb up t o  c r u i s e .  20 000 pounds of f u e l  is  assumed t o  b e  used i n  
takeoff  and climb i n  t h i s  p a r t  of the s tudy.  
term is simply t h e  sum of t h e  OEW and t h e  letdown and reserve f u e l .  
Letdown f u e l  w a s  assumed t o  be  2000 pounds i n  t h i s  p a r t  of t h e  r e p o r t .  
The reserve f u e l  w a s  assumed t o  b e  18 percent  of t h e  t o t a l  f u e l  load .  
The t o t a l  f u e l  load  w a s  obtained by s u b t r a c t i n g  t h e  sum of t h e  
payload from t h e  TOGW. Af t e r  several i t e r a t i o n s ,  i t  w a s  found t h a t  a 
TOGW of 386 COO pounds and an OEW of 220 000 pounds s a t i s f i e d  t h e s e  
condi t ions .  

The denominator of the l o g  

OEW and 

A f t e r  f i n d i n g  t h e  c o r r e c t  TOGW and OEW, i t  w a s  then necessary  
t o  s u b t r a c t  t h e  i n s t a l l e d  engine weight from t h e  OEW t o  f i n d  t h e  air- 
frame weight .  Podded engines  of e x i s t i n g  weight technology were found 
t o  weigh about 13 300 pounds each when s i z e d  a t  40 000 pounds sea- level-  
s ta t ic  t h r u s t .  By s u b t r a c t i n g  t h e  weight of t h r e e  of t h e s e  engines  from 
t h e  OEW of 220 000 pounds, a i r f rame weight w a s  found t o  b e  180 000 
pounds. Airframe weight and TOGW were then  f i x e d  f o r  t h e  remainder of 
t h e  f i r s t  p a r t  of t h e  s tudy  where range w a s  used as t h e  f i g u r e  of m e r i t  
as engine des ign  parameters were v a r i e d .  Range v a r i a t i o n s  were obta ined  
because of changes i n  c r u i s e  M y  s f c ,  L/D, and f u e l  weight.  S ince  engine 
weight changed as a func t ion  of t h e  engine des ign  parameters ,  t o t a l  f u e l  
load w a s  a l s o  requi red  t o  change s i n c e  t h e  sum of i n s t a l l e d  engine weight 
and f u e l  weight must remain cons tan t .  Cru ise  L/D v a r i e d  no t  on ly  wi th  
Mach number, b u t  a l s o  w a s  a f f e c t e d  by engine diameter  ( t o  b e  d iscussed  
i n  g r e a t e r  d e t a i l  l a t e r ) .  

I n  t h e  second p a r t  of t h i s  s tudy ,  range w a s  f i x e d  a t  3000 n a u t i c a l  
m i l e s  and TOGW w a s  allowed t o  vary  as t h e  f i g u r e  of m e r i t .  Payload 
w a s  he ld  cons tan t  a t  60 000 pounds (300 passengers)  , as i n  t h e  f i r s t  p a r t  
of t he  s tudy .  The a i r f r ame  weight w a s  assumed t o  remain a cons t an t  per- 
centage of t h e  TOGW. According t o  d a t a  from r e f e r e n c e  5 ,  a i r f r ame  
weight w i l l  remain very  nea r ly  a cons tan t  f r a c t i o n  of t h e  TOGW over  a 



cons iderable  range  of TOGW when t h e  s i z e  of l a r g e  t r a n s p o r t s  i s  s c a l e d  
up o r  down. 
t h e  s tudy w a s  f i x e d  a t  t h e  46.6-percent v a l u e  obtained i n  t h e  prev ious ly  
descr ibed  i terat ive c a l c u l a t i o n  of t h e  f i r s t  p a r t  of t h e  s tudy.  This  
va lue  is somewhat high i n  comparison wi th  d a t a  presented i n  r e f e r e n c e  5 ,  
which i n d i c a t e s  t h a t  f o r  c u r r e n t  technology t r a n s p o r t s  a v a l u e  of 3 4  per- 
cen t  is  appropr i a t e .  This  d i f f e r e n c e  probably occurred because w e  iter- 
a t e d  t o  t h e  v i c i n i t y  of t h e  l e f t  end of t h e  "wide-body t r i j e t "  OEW- 
against-TOGW curve ( f i g .  1 ) .  OEW a t  t h i s  po in t  on t h e  curve appears  t o  
b e  somewhat h igh  re la t ive t o  t h a t  obtained i f  t h e  curve labeaed "narrow- 
body jets'' were extended t o  a TOGW of 386 000 pounds. A t  'any rate, i t  
is  reasonable  t o  p ick  a h igh  v a l u e  of a i r f rame weight f r a c t i o n  because of 
t h e  h igher  c r u i s e  speeds t o  b e  considered i n  t h i s  r e p o r t .  Sur face  t e m -  
p e r a t u r e s  and p res su res  w i l l  b e  h ighe r  and area r u l i n g  w i l l  b e  more ex- 
t e n s i v e  than  i n  cu r ren t  t r a n s p o r t s .  I n  add i t ion  t o  a i r f rame weight ,  t h e  
climb and letdown f u e l  weight assumptions were a l s o  sca l ed  d i r e c t l y  w i t h  
TOGW. 

The a i r f rame weight percentage 'used  i n  t h e  second p a r t  of 

A ske tch  of t h e  concept of t h i s  s tudy  a i r p l a n e  i s  shown i n  f i g u r e  2 .  
The engines are loca ted  a t  the rear t o  provide as c l ean  a wing as p o s s i b l e  
i n  o rde r  t o  achieve  a h igh  c r u i s e  L/D. 
separate-flow-exhaust tu rbofan  engine i n s t a l l a t i o n  fo l lows  i n  f i g u r e  3 .  
Note t h e  a c o u s t i c  l i n i n g  i n  t h e  i n l e t  and duc t  w a l l s  f o r  t h e  r educ t ion  of 
f a  turbomachinery noise .  I n  add i t ion ,  an  i n l e t  s p l i t t e r  r i n g  concen t r i c  
w i th  t h e  centerbody and o u t e r  w a l l  i s  shown wi th  sound deadening material. 
More than  one s p l i t t e r  r i n g  may b e  r equ i r ed  i n  some i n s t a l l a t i o n s .  
Acous t ica l ly  t r e a t e d  r a d i a l  s t r u t s  i n  t h e  duc t  may a l s o  b e  r equ i r ed  i n  
some i n s t a l l a t i o n s ,  depending on turbomachinery n o i s e  r educ t ion  requi re -  
ments and duc t  dimensions. 

A sket-ch of a t y p i c a l  high-BPR, 

Lift-Drag Ra t io  

The schedule  of c r u i s e  LID a g a i n s t  Mach number used i n  t h i s  s tudy  
is  shown as t h e  s o l i d  curve i n  f i g u r e  4.  This  curve is  r e p r e s e n t a t i v e  of 
a i r p l a n e s  wi th  t h e  nominal-size engines ( i - e . ,  80-in. diam). These L/D 
r a t i o s  are ad jus t ed  by means of t h e  n a c e l l e  drag curves shown i n  f i g u r e  5 
when engine diameters  are o t h e r  than  80 inches .  

The L/D schedule  f o r  advanced technology t r a n s p o r t s  ( s o l i d  curve,  
f i g .  4) w a s  obtained by drawing a curve through t h e  two c i r c l e d  ad jus t ed  
d a t a  p o i n t s .  
d a t a  a t  NASA-Langley. The r a w  wind tunnel  model t es t  d a t a  w a s  co r rec t ed  
t o  f u l l - s c a l e  and ad jus ted  f o r  t h e  es t imated  e f f e c t  of nominal engines  
by Langley. Although t h e  two r a w  d a t a  po in t s  were obtained by two d i f f e r -  
e n t  des ign  teams, they  have been ad jus ted  f o r  comparison on t h e  same 
b a s i s .  The s o l i d  curve through t h e s e  p o i n t s  r ep resen t s  an estimate of 
t h e  c r u i s e  L / D  t h a t  can b e  obtained a t  va r ious  M e r ' s  ( ranging from 
0.90 t o  0.98) when t h e  a i r p l a n e  conf igu ra t ion  i s  reoptimized w i t h  regard 
t o  wing sweepback, thickness-to-chord r a t i o ,  a spec t  r a t i o ,  etc.  a t  each 
Mer. 

These d a t a  p o i n t s  were 'obtained from pre l iminary  model test  

It i s  i n t e r e s t i n g  t o  n o t e  t h e  s i m i l a r i t y  i n  t h e  shape of t h i s  curve 
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f o r  advanced t r a n s p o r t s  t o  t h a t  f o r  e x i s t i n g  t r a n s p o r t s  (broken curve 
through two t r i a n g u l a r  d a t a  p o i n t s ,  f i g .  4).  
a t  Mcr = 0.80 r e p r e s e n t s  t h e  Boeing 707-320B and t h e  one a t  Mcr = 0.86 
r ep resen t s  t h e  Boeing 747. For t h e  same level  of c r u i s e  
pos tu l a t ing  a Mach number advance of almost 0.13, when compared w i t h  
e x i s t i n g  commercial t r a n s p o r t s .  A t  Mach 0.86, which is  t h e  approximate 
upper l i m i t  i n  c r u i s e  speed f o r  e x i s t i n g  t r a n s p o r t s ,  t h e  u s e  of advanced 
technology is pos tu l a t ed  t o  inc rease  L/D 

The t r i a n g u l a r  d a t a  p o i n t  

L/D, w e  are 

from 16.6 t o  about 20. 

As a l r eady  mentioned, t h e  c r u i s e  L/D schedule  f o r  advanced air- 
planes ( f i g .  4) w a s  drawn f o r  300-passenger a i r p l a n e s  wi th  a nominal 
engine diameter of 80 inches.  When o the r  engine s i z e s  are used,  a new 
n a c e l l e  drag  must b e  read from one of t h e  curves of f i g u r e  5 and compared 
wi th  t h a t  obtained f o r  a diameter of 80 inches.  The d i f f e r e n c e  mul t i -  
p l i e d  by t h e  number of engines  ( three-  goy t h e s e  a i r p l a n e s )  r e p r e s e n t s  t h e  
change i n  a i r p l a n e  drag  from some re fe rence  level  obtained wi th  t h e  nom- 
i n a l  engines .  The nominal i n i t i a l  c r u i s e  drag w a s  obtained by d iv id ing  
t h e  a i r p l a n e  weight a t  t h e  s ta r t  of c r u i s e  by t h e  nominal 
f i g u r e  4 .  This  drag  w a s  then  ad jus ted  by t h e  d i f f e r e n c e  j u s t  computed 
and d iv ided  i n t o  t h e  i n i t i a l  c r u i s e  weight t o  o b t a i n  t h e  a c t u a l  c r u i s e  
L/D. 
engine and a i r f rame manufacturers .  By f a r  t h e  g r e a t e s t  p a r t  of t h i s  
n a c e l l e  drag  is  due t o  f r i c t i o n .  It is assumed t h a t  when n a c e l l e  s i z e  
is changed, i nc reases  i n  wave drag  can b e  area-ruled out  by reconf igur -  
ing  t h e  fuse l age  and t a i l  i n  t h e  v i c i n i t y  of t h e  n a e e l l e s .  

L/D r ead  from 

The nacelle drag  curves of f i g u r e  5 ag ree  w i t h  those  i n  use  by t h e  

The only  aerodynamic d a t a  a v a i l a b l e  a t  the t i m e  of th is  s tudy  w a s  
t he  c r u i s e  L/D schedule  a l r eady  presented.  No low-speed o r  climb 
aerodynamics w a s  a v a i l a b l e .  The l a c k  of such d a t a  i s  probably no t  t oo  
important t o  t h e . o v e r a l t  mission c a l c u l a t i o n s  (e .g . ,  t o t a l  range,  TOGW, 
e tc . ) ,  however, s i n c e  only a s m a l l  p a r t  of t h e  miss ion ,  t i m e - w i s e  and 
range-wise, w a s  conducted a t  o t h e r  than  t h e  c r u i s e  condi t ion .  However, 
t o  determine t h e  approach t h r u s t  t o  b e  used i n  t h e  n o i s e  computations,  
an approach L/D of 5.5 w a s  assumed t o  occur a t  a speed of 135 knots .  

Engines 

Cycle c a l c u l a t i o n s  were made f o r  t h e  two-spool tu rbofan  engines  of 
t h i s  s tudy  f o r  c r u i s e  f a n  p res su re  r a t i o s  of 1.70 and 2.25. The FPR of 
1.70 is  approximately t h e  maximum achievable  w i t h  a s i n g l e  s t a g e .  
s t a g e  f a n s  are d e s i r a b l e  from a machinery no i se  s t andpo in t  s i n c e  experi-  
mental  d a t a  ( r e f .  9) i n d i c a t e  t h a t  mu l t i s t ag ing  a t  any given FPR in-  
creases t h e  perceived n o i s e  about 8 PNdB. Higher FPR's are d e s i r a b l e ,  
however, because they  improve t h e  a i r p l a n e  f i g u r e  of m e r i t  ( r e f s .  2 ,3) .  
Cru ise  FPR's h igher  than 2.25 w e r e  no t  considered because d a t a  pre- 
sen ted  i n  r e fe rence  3 i n d i c a t e s  t h a t  more than  20 PNdB of f a n  machinery 
no i se  suppress ion  would b e  requi red  t o  meet a 106 PNdB n o i s e  goa l  a t  t h e  
s i d e l i n e  and approach measuring s t a t i o n s .  With techniques t h a t  are cur- 
r e n t l y  a v a i l a b l e ,  i t  is  f e l t  t h a t  a 15-PNdB reduc t ion  i n  f a n  turbo- 
machinery n o i s e  can b e  r e a l i z e d  w i t h  proper  suppressor  des ign  and ba l -  

Single-  
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ance ( r e f .  9 ) .  A 20-PNdB reduc t ion  is thought t o  b e  a real is t ic ,  al- 
though somewhat o p t i m i s t i c ,  goa l  t o  s t r i v e  f o r  i n  t h e  year  1978 - t h e  
assumed d a t e  of f i r s t  f l i g h t  of t h e  a i r p l a n e s  i n  t h i s  s tudy.  

Cru ise  bypass r a t i o s  from 0.5 t o  10 and o v e r a l l  c r u i s e  f a n  and com- 
pressor  p re s su re  r a t i o s  from 20 t o  52 were considered.  Turbine r o t o r -  
in le t - tempera ture  
t o  c r u i s e  ( a s  i n  r e f .  3 ) ,  bu t  t h e  corresponding c r u i s e  
t o  vary  downward from a maximum of 2200' F. Cru ise  T4 w a s  chosen a t  
each des ign  Mach number and FPR t o  maximize t h e  range of t h e  f ixed-  
TOGW a i r p l a n e s .  I f ,  however, t h e  takeoff  thrust-to-gross-weight r a t i o  
(Fn/Wg) f e l l  below 0.24 ( t h e  level obtained w i t h  a f u l l y  loaded 

Boeing 727-200), t h e  c r u i s e  T4 w a s  reduced from i ts  range-optimum 
va lue ,  thus  inc reas ing  t h e  a i r f l o w  requi red  t o  overcome t h e  drag  en- 
countered during c r u i s e .  Greater a i r f l o w  w a s  thus  provided a t  t a k e o f f ,  
too ,  wi th  a consequent t h r u s t  improvement s i n c e  takeoff  T4 w a s  f i x e d .  
As previous ly  mentioned, c r u i s e  T4's g r e a t e r  than  2200' F w e r e  n o t  con- 
s ide red  because some a c c e l e r a t i o n  margin i n  climb w a s  needed immediately 
be fo re  c r u i s e  s o  t h a t  t i m e  and range up t o  c r u i s e  could b e  h e l d  t o  
reasonable  va lues .  

T4 w a s  f i x e d  a t  2300' F dur ing  takeoff  and climb up 
T4 w a s  allowed 

Range of t h e  fixed-TOGW a i r p l a n e s  w a s  g e n e r a l l y  improved a t  a l l  
c r u i s e  Mach numbers by inc reas ing  t h e  c r u i s e  
2200O F. Unfor tuna te ly ,  t akeoff  t h r u s t  w a s  no t  always s u f f i c i e n t  wi th  
T4 at t h e  l i m i t  - e s p e c i a l l y  f o r  t h e  lower des ign  c r u i s e  Mach numbers. 
For t h e  s ingle-s tage-fan engines w i t h  a des ign  FPR of 1.70 a t  c r u i s e ,  
a c r u i s e  T4 
and 0.94, e s p e c i a l l y  a t  t h e  BPR's requi red  f o r  low j e t  noise .  
Mach 0.90, c r u i s e  had t o  b e  reduced t o  2100° F t o  have s u f f i c i e n t  
t h r u s t  f o r  takeoff  w i th  T4 a t  2300' F. ( In i t i a l  c r u i s e  a l t i t u d e ,  an 
important cons ide ra t ion  i n  determining t h r u s t  l a p s e  rate,  w a s  s e l e c t e d  
t o  provide  a dynamic p res su re  of 264 l b / f t 2 . )  
a c r u i s e  T4 
o b t a i n  s u f f i c i e n t  takeoff  t h r u s t  when 
lower t h e  c r u i s e  T4 t o  2070' F. For a des ign  Mer of 0.90, c r u i s e  Tq 
w a s  reduced t o  1965' F. 
f o r  t h e  high-pressure t u r b i n e  w a s  f i x e d  a t  7.5 percent  of t h e  c o r e  a i r -  
flow, r e g a r d l e s s  of c r u i s e  temperature .  (This is  i n  agreement w i t h  t h e  
b leed  schedule  of r e f .  3 f o r  a takeoff  T4 of 2300' F.) It w a s  assumed 
t h a t  no b l eed  w a s  r equ i r ed  f o r  t h e  low-pressure tu rb ine .  

T4 t o  t h e  l i m i t  of 

of 2200' F w a s  s a t i s f a c t o r y  f o r  des ign  speeds of Mach 0.98 
But a t  

T4 

For c r u i s e  FPR's of 2.25, 
of 2200' F w a s  acceptab le  f o r  c r u i s e  a t  Mach 0,98,  b u t  t o  

Mer w a s  0.94 it w a s  necessary  t o  

Turbine cool ing  b l eed  chargeable  t o  t h e  cyc le  

A l l  paramet r ic  engines  i n  t h i s  s tudy were designed f o r  c r u i s e  and 
operated off-design a t  t akeof f .  Correc t ion  f a c t o r s  t h a t  could b e  appl ied  
t o  t h e  des ign  engine parameters t o  ob ta in  t h e i r  s e a - l e v e l - s t a t i c  va lues  
were obta ined  by us ing  a component-matching computer program ( r e f s .  10 
and 11) capable  of determining off-design ope ra t ing  po in t s .  The correc-  
t i o n  f a c t o r s  ( i e e e ,  t h e  sea-level-static va lue  d iv ided  by t h e  c r u i s e  
va lue  of t h e  parameter) were p l o t t e d  a g a i n s t  c r u i s e  BPR f o r  co r rec t ed  
a i r f low at  t h e  f a c e  of t h e  f a n ,  f a n  p re s su re  r a t i o ,  compressor p re s su re  
r a t i o ,  and bypass r a t i o .  These c o r r e c t i o n  f a c t o r s  were found t o . b e  rela- 
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t i v e l y  i n s e n s i t i v e  t o  o v e r a l l  p re s su re  r a t i o  except  near  t h e  maximum 
a t  which t h e  engines  would run. 
f o r  a c r u i s e  FPR of 1.70 are shown i n  f i g u r e  6(a-d).  A s e p a r a t e  curve 

- Tq,,) combina- w a s  p l o t t e d  f o r  each Mcr and AT4 (where AT4 = 

t i o n  t h a t  was used. S imi l a r  curves are shown i n  f i g u r e  7(a-d) f o r  a 
c r u i s e  FPR of 2 .25 .  During t h e  component-matching procedure a t  o f f -  
design condi t ions ,  i t  w a s  assumed t h a t  t h e r e  w a s  RO change i n  exhaust  
nozzle  area. 

BPR 
The c o r r e c t i o n  f a c t o r s  t h a t  were used 

T4s lS 

One of t h e  c o n s t r a i n t s  t o  b e  examined i n  t h i s  r e p o r t  i s  t h e  approach 
noise  a t  one n a u t i c a l  m i l e  from t h e  runway threshold .  
reduced t o  a low level commensurate wi th  an assumed L/D of 5.5 a t  an 
approach speed of 135 knots  (Mach 0 . 2 0 3 ) .  
t h e  386 000-pound a i r p l a n e s  of t h e  f i r s t  p a r t  of the r e p o r t  w a s  about 
286 000 pounds. I f  i t  is  assumed t h a t  t h e  a i r p l a n e  angle  of a t t a c k  is 
10' and t h e  a l t i t u d e  i s  370 f e e t  (based on a 3' g l i d e  s l o p e  t o  t h e  top  
of a 50-f t  o b s t a c l e  a t  t h e  end of t h e  runway), t h e  n e t  t h r u s t  r equ i r ed  is  
about 12  000 pounds per  engine.  Fur ther  c a l c u l a t i o n s  show t h a t  t h e  
approach t h r u s t  requirement is  reduced about 1000 pounds pe r  engine f o r  
each 40 000-pound r educ t ion  i n  TOGW. Approach t h r u s t  i s  roughly equiva- 
l e n t ,  t h e r e f o r e ,  t o  about one-third of t h e  takeoff  t h r u s t .  To determine 
t h e  engine ope ra t ing  parameters needed t o  c a l c u l a t e  both  t h e  j e t  n o i s e  
and t h e  f a n  turbomachinery n o i s e  dur ing  approach, t h e  turbofan  component- 
matching computer program ( r e f s .  10 and 11) w a s  aga in  used. This  program 
uses  sca led  f a n ,  compressor, and t u r b i n e  maps i n  determining part-power 
opera t ing  condi t ions .  

Engine t h r u s t  w a s  

A t y p i c a l  approach weight  f o r  

A t  each c r u i s e  des ign  po in t ,  t he  component e f f i c i e n c i e s ,  p re s su re  
l o s s e s ,  c o e f f i c i e n t s ,  e tc .  of r e fe rence  3 w e r e  used,  as fo l lows:  

Fan a d i a b a t i c  e f f i c i e n c y  . . . . . . . . . . . . . . . . . . . . .  0.88 
Compressor a d i a b a t i c  e f f i c i e n c y .  . . . . . . . . . . . . . . . . .  .89 
Combustor e f f i c i e n c y  . . . . . . . . . . . . . . . . . . . . . . . .  .99 
Inner  t u r b i n e  a d i a b a t i c  e f f i c i e n c y  . . . . . . . . . . . . . . . .  . 9 1  
Outer t u r b i n e  a d i a b a t i c  e f f i c i e n c y  . . . . . . . . . . . . . . . .  .90 
I n l e t  p re s su re  recovery.  . . . . . . . . . . . . . . . . . . . . .  .98 
Pressure  r a t i o  ac ross  combustor. . . . . . . . . . . . . . . . . .  .96 
T o t a l  duct  p re s su re  r a t i o  from f a n  d ischarge  t o  nozz le  .94 
T o t a l  core  p re s su re  r a t i o  from low-pressure-turbine d ischarge  

t o n o z z l e .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  .98 
Exhaust nozz le  t h r u s t  c o e f f i c i e n t  (both streams) . . . . . . . . .  .98 

. . . . . .  

Unins t a l l ed  engine weight and dimensions w e r e  allowed t o  vary  wi th  
t h e  sea-level-static BPR, OPR, and t o t a l  a i r f low,  as descr ibed  by 
Gerend and Roundhil l  ( r e f .  1 2 ) .  They have a l s o  c o r r e l a t e d  engine weight 
wi th  t h e  year  of f i r s t  f l i g h t .  It w a s  assumed t h a t  t h e  engines of t h i s  
s tudy would f i r s t  f l y  i n  t h e  year  1978. The a d d i t i o n a l  weight f o r  i n -  
s t a l l a t i o n  ( inc luding  i n l e t ,  n a c e l l e ,  and nozzle)  w a s  assumed t o  b e  3 .13  
t i m e s  t h e  t o t a l  a i r f l o w  a t  t akeof f .  This  incrementa l  i n s t a l l a t i o n  weight 
is  based on empi r i ca l  d a t a  f o r  e x i s t i n g  high-BPR engines  used i n  l a r g e  
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commercial t r a n s p o r t s .  

Noise Cons t r a in t s  

Noise c a l c u l a t i o n s  w e r e  made f o r  two measuring p o i n t s ,  bo th  of which 
are s p e c i f i e d  i n  Federa l  A i r  Regulat ion P a r t  36. They w e r e :  

(1) S i d e l i n e  n o i s e  measured on t h e  ground a t  t h e  angle  of maximum 
n o i s e  immediately a f t e r  l i f t - o f f  on a 0.25-nautical-mile (1520-ft) s ide -  
l i n e  f o r  three-engine a i r p l a n e s  (0.35-n m i  s i d e l i n e  f o r  four-engine air- 
p lanes) .  

(2) Approach n o i s e ,  when t h e  a i r p l a n e  i s  one n a u t i c a l  m i l e  from t h e  
runway th re sho ld ,  measured on t h e  ground d i r e c t l y  under t h e  g l i d e  pa th  a t  
t h e  angle  of maximum noise .  The a i r p l a n e s  of t h i s  s tudy  were assumed t o  
b e  a t  an  a l t i t u d e  of 370 f e e t  a t  t h i s  measuring s t a t i o n .  

For a i r p l a n e s  wi th  TOGW's of i n t e r e s t ,  FAR P a r t  36 s p e c i f i e s  a 
n o i s e  l i m i t  of 106 EPNdb f o r  bo th  of t h e  above measurements. A t h i r d  
measurement s p e c i f i e d  by t h i s  r e g u l a t i o n  should be  made a t  a p o i n t  
3.5 n a u t i c a l  m i l e s  from t h e  s ta r t  of takeoff  r o l l  on t h e  extended runway 
c e n t e r l i n e .  I f  t h e  a i r p l a n e  a l t i t u d e  at t h i s  measuring p o i n t  exceeds 
1000 f e e t ,  t h e  t h r u s t  may b e  reduced t o  t h a t  requi red  f o r  a 4 percent  
climb g rad ien t  o r  t o  maintain level  f l i g h t  w i t h  one engine o u t ,  whichever 
t h r u s t  is  g r e a t e r .  The n o i s e  l i m i t  a t  t h i s  measuring s t a t i o n  f o r  t h e  
TOGW's considered h e r e  i s  102-104 EPNdB. This  n o i s e  measurement w a s  i g -  
nored i n  t h i s  s tudy  because i n s u f f i c i e n t  low-speed aerodynamic d a t a  were 
a v a i l a b l e  t o  i n v e s t i g a t e  t h e  t r a d e o f f s  involved i n  minimizing n o i s e  a t  
t h i s  po in t .  The t r a d e o f f s  involved are between cons tan t  Mach number climb 
t o  maximum a l t i t u d e  and maximum a c c e l e r a t i o n  t o  1000 f e e t  b e f o r e  t h r u s t  i s  
reduced. 
i n  t h i s  s tudy ,  it i s  f e l t  t h a t  l i t t l e  d i f f i c u l t y  w i l l  b e  involved i n  meet- 
ing  t h e  3.5-mile ' ' takeoff" goa l  s i n c e  t h e  s i d e l i n e  n o i s e  i s  measured a t  
1520 f e e t .  With four-engine a i r p l a n e s ,  t h e  3.5-mile goa l  might b e  more 
d i f f i c u l t  t o  meet, however, because t h e  s i d e l i n e  measurement is  s p e c i f i e d  
a t  2126 f e e t  and is t h e r e f o r e  easier t o  m e e t .  The 3.5-mile measurement 
might thus  b e  more of a c o n s t r a i n t  f o r  four-engine a i r p l a n e s .  

For t h e  three-engine a i r p l a n e s  which m e e t  a s i d e l i n e  n o i s e  goa l  

T o t a l  perceived n o i s e  has  two components - j e t  n o i s e  from t h e  two 
j e t  streams and f a n  turbomachinery noise .  
w a s  ca l cu la t ed  by s tandard  methods descr ibed  by t h e  Socie ty  of Automotive 
Engineers i n  r e fe rences  6 and 7 .  Jet n o i s e  i s  p r imar i ly  dependent on t h e  
e x i t  v e l o c i t i e s  of t h e  two f low streams, b u t  i s  a l s o  a f f e c t e d  by t h e  gas 
flow rates and t h e  flow areas. These v a r i a b l e s  were cal"cu1ated a t  both 
Mach 0.23 (152 knots)  a f t e r  l i f t - o f f  a t  f u l l  t h r u s t  and wi th  t h r u s t  c u t  
back t o  t h e  level  r equ i r ed  dur ing  t h e  3" approach a t  Mach 0.203 
(135 knots ) .  It w a s  assumed t h a t  t h e  o v e r a l l  SPL curve of r e fe rence  6 
p l o t t e d  a g a i n s t  re la t ive j e t  v e l o c i t y  could b e  l i n e a r l y  ex t r apo la t ed  on 
a l o g  scale t o  v e l o c i t i e s  below 1000 f e e t  pe r  second (as p e r  d a t a  pre- 

Jet no i se ,  measured i n  PNdB, 
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sented  i n  r e f  a 9 ) .  

Fan turbomachinery n o i s e ,  a l s o  measured i n  PNdB, is  a f u n c t i o n  of 
many th ings  - f o r  example, spacing between s t a t o r  and r o t o r ,  t i p  speed,  
number of s t a g e s ,  f a n  p re s su re  r a t i o ,  t h r u s t ,  and amount of n a c e l l e  
a c o u s t i c  t reatment .  
be b u i l t  w i t h  optimum s t a t o r - r o t o r  spacing without  any i n l e t  gu ide  vanes 
i n  order  t o  minimize noise .  Curves presented i n  r e f e r e n c e  9 relate 
machinery perceived n o i s e  level t o  f a n  p res su re  r a t i o  a t  a f i x e d  t h r u s t  
and d i s t a n c e  f o r  bo th  one- and two-stage f ans .  These curves were sca l ed  
from a t o t a l  a i r p l a n e  n e t  t h r u s t  of 90 000 pounds and a measuring-point 
d i s t a n c e  of 1000 f e e t  t o  both  t h e  s i d e l i n e  and approach cond i t ions  of 
t h i s  r e p o r t .  I n  a d d i t i o n  t o  logar i thmic  t h r u s t  and dis tance-squared 
s c a l i n g ,  e x t r a  a i r  absorp t ion  due t o  a change i n  s l a n t  range ( r e f .  6) w a s  
included.  The curves which r e s u l t  f o r  t h e  s i d e l i n e  cond i t ion  are shown 
i n  f i g u r e  8 ( a )  f o r  a to ta l .  a i r p l a n e  n e t  t h r u s t  of 114 000 pounds. The 
curves which r e s u l t  f o r  t h e  approach cond i t ion  are shown i n  f i g u r e  8(b)  
f o r  a t o t a l  a i r p l a n e  n e t  t h r u s t  of 36 000 pounds. These t h r u s t  levels 
are t y p i c a l  f o r  a i r p l a n e s  having a TOGW of 386 000 pounds, as w a s  t h e  
case i n  t h e  f i r s t  p a r t  of t h e  s tudy  where range w a s  used as t h e  f i g u r e  
of m e r i t .  But when range w a s  reduced t o  3000 n a u t i c a l  m i l e s  by reducing 
TOGW i n  t h e  second p a r t  of t h e  s tudy ,  i t  w a s  necessary  t o  c o r r e c t  t h e s e  
turbomachinery n o i s e  readings  ( f i g .  8) f o r  t h e  v a r i a t i o n  i n  t h r u s t .  The 
s i d e l i n e  n o i s e  c o r r e c t i o n  is  p l o t t e d  a g a i n s t  t o t a l  t h r u s t  from t h r e e  
engines i n  f i g u r e  St(a). The approach f a n  turbomachinery n o i s e  c o r r e c t i o n  
i s  p l o t t e d  a g a i n s t  TOGW wi th  t o t a l  t h r u s t  as an a u x i l i a r y  scale i n  f i g -  
u r e  9 (b ) .  

I n  t h i s  s tudy ,  i t  w a s  assumed t h a t  t h e  engines  would 

I n  o rde r  t o  determine t h e  t o t a l  perceived n o i s e  from both  t h e  je ts  
and t h e  f a n  turbomachinery, i t  w a s  necessary t o  add a n t i l o g a r i t h m i c a l l y  
t h e  j e t  and machinery sound p res su re  levels (SPL) i n  each octave.  (This 
procedure i s  descr ibed  i n  r e f .  6 f o r  t h e  a d d i t i o n  of core  and f a n  j e t  
noise . )  
of f a n  turbomachinery SPL as a func t ion  of frequency. F igure  10 shows 
oc tave  SPL ( i n  dB) a t  a d i s t a n c e  of 200 f e e t  t h a t  w a s  assumed f o r  a l l  
t he  f a n s  considered i n  t h i s  s tudy .  This  oc tave  SPL w a s  a t t enua ted  
f o r  t h e  inverse-square d i s t a n c e  e f f e c t  and t h e  ex t ra -a i r -absorp t ion  
e f f e c t  a t  d i s t a n c e s  g r e a t e r  than  200 f e e t ,  as descr ibed  i n  r e f e r e n c e  6. 
The dis tance-squared e f f e c t  i s  t h e  same f o r  a l l  oc t aves ,  b u t  t h e  e x t r a  
a i r  absorp t ion  a f f e c t s  t h e  h igher  octaves t h e  most. The spectrum shown 
i n  f i g u r e  10  d e p i c t s  d a t a  obtained from re fe rence  13 f o r  a TF39 f a n  mod- 
i f i e d  f o r  low noise .  It w a s  assumed t h a t  t h e  s p e c t r a l  d i s t r i b u t i o n  would 
no t  change s i g n i f i c a n t l y  wi th  power s e t t i n g  o r  a c o u s t i c  t rea tment .  

To do t h i s ,  i t  w a s  necessary  t o  assume a s p e c t r a l  d i s t r i b u t i o n  

To o b t a i n  t h e  oc tave  SPL of t h e  f a n  machinery n o i s e ,  t h e  perceived 
n o i s e  l e v e l  i n  PNdB w a s  f i r s t  obtained from t h e  curves of f i g u r e  8, Cor- 
r e c t i o n s  from f i g u r e  9 w e r e  then  appl ied .  The amount of a t t e n u a t i o n  from 
acous t i c  t rea tment ,  i f  any, was  sub t r ac t ed .  Absolute  numbers were then  
a r b i t r a r i l y  placed on t h e  o r d i n a t e  scale of f i g u r e  10 and t h e  f a n  maehin- 
e r y  perceived n o i s e  w a s  computed by summing and manipulat ing t h e  oc tave  
SPL's thus obta ined ,  as descr ibed  i n  r e fe rence  6.  The c a l c u l a t i o n  w a s  
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repeated by s l i d i n g  t h e  a r b i t r a r y  o r d i n a t e  scale of f i g u r e  10 up o r  down 
as requi red  i n  an i t e r a t i v e  c a l c u l a t i o n  u n t i l  t h e  f an  perceived n o i s e  
thus c a l c u l a t e d  equaled t h a t  read from t h e  curves of f i g u r e  8 (as modi- 
f i e d  by f i g .  9 and t h e  a p p l i c a t i o n  of a c o u s t i c  t rea tment ) .  
p l e t i n g  t h i s  computerized i t e r a t i o n ,  machinery oc tave  SPL w a s  added 
a n t i l o g a r i t h m i c a l l y  t o  t h e  combined j e t  SPL a t  each octave.  T o t a l  
perceived n o i s e  w a s  ob ta ined  by summing and mankpulatfng all the combined 
oc tave  SPL's (as descr ibed  in r e f ,  6 1 ,  

A f t e r  com- 

The n o i s e  c a l c u l a t i o n s  made i n  t h i s  s tudy  are i n  u n i t s  of PNdB. The 
FAR P a r t  36 requirements ,  however, are s t a t e d  i n  &ems of EPNdB. The 
EPNdB scale (where E s t ands  for  e f f e c t i v e )  is  a mod i f i ca t ion  of t h e  
PNdB scale where a c o r r e c t i o n  i s  made t o  account f o r  (1) s u b j e c t i v e  re- 
sponse t o  the  maximum  PUP^ tone and (2) the d u r a t i o n  of t h e  n o i s e  
(ref e 14) heard by t h e  observer ,  These modi f ica t ions  t o  t h e  PNdB scale 
were ignored i n  t h i s  s tudy ,  s i n c e  t h e  amount of information known about 
t h e  maximum tones and d i r e c t i v i s y  of t h e  n o i s e  from t h e s e  paramet r ic  
engines is  r a t h e r  l imi t ed .  It is  thought t h a t  t h e  e r r o r  in t roduced  by 
ignor ing  t h e s e  modi f ica t ions  i s  less  than  t h e  e r r o r  t h a t  might occur by 
making f u r t h e r  assumptions about t h e  n o i s e  sources ,  McPike ( r e f .  15) 
takes  a similar p o s i t i o n  and states t h a t  t h e  r e s u l t s  would be s imilar  
us ing  e i t h e r  u n i t .  

In  t h i s  s tudy ,  a t t e n t i o n  w a s  concent ra ted  on des igning  cyc le s  t h a t  
would minimize t h e  range o r  TOGW p e n a l t i e s  t h a t  occur wi th  up t o  
20 PNdB of turbomachinery a c o u s t i c  t rea tment .  Noise goa ls  as low as 
92.6 PNdB were abtairied wi th  t h i s  amourit of a c o u s t i c  t rea tment .  A s  d i s -  
cussed i n  t h e  previous s e c t i o n  e n t i t l e d  "Engines ,I1 a 20-PNdB suppress ion  
of f a n  turbomachinery n o i s e  i s  thought t o  b e  a somewhat o p t i m i s t i c  - 
although s t i l l  rea l i s t ic  - goa l  t o  s t r i v e  f o r  a t  t h e  t i m e  of f i r s t  f l i g h t ,  
pos tu l a t ed  t o  b e  i n  1978. As mentioned i n  r e fe rence  9 ,  i t  is  f e l t  t h a t  
a 15-PNdB suppress ion  of turbomachinery n o i s e  can c u r r e n t l y  b e  r e a l i z e d  
with proper  suppressor  des ign .  
i n  t h i s  s tudy  t h a t  no performance l o s s e s  occurred as a r e s u l t  of t h e  
i n s e r t i o n  of s p l i t t e r  r i n g s  i n  t h e  i n l e t  and r a d i a l  s p l i t t e r s  i n  t h e  
d u c t ,  t oge the r  w i t h  w a l l  l i n i n g  i n  t h e  i n l e t ,  d u c t ,  and n a c e l l e .  It i s  
encouraging t o  no te  t h a t  tests of a 6-%0~t fan w i t h  a c o u s t i c  t rea tment  
which included m u l t i p l e  s p l i t t e r  r i n g s  (ref. 1 6 )  d i d  no t  reveal any f a n  
performance l o s s e s  due t o  t h e  n o i s e  suppressors  
measurement e r r o r  a 

It w a s  assumed somewhat o p t i m i s t i c a l l y  

w i t h i n  t h e  experimental  

Duct and i n l e t  w a l l  t rea tment  and an a c o u s t i c a l l y  l i n e d  s p l i t t e r  r i n g  
i n s e r t e d  i n  t h e  i n l e t  were found i n  r e fe rence  17 t o  pena l i ze  t h e  weight of 
a P r a t t  & Whitney JT3D engine about 370 pounds, Much of t h i s  weight pen- 
a l t y  is undoubtedly due t o  s t r u c t u r a l  modi f ica t ion  s i n c e  t h e  l i n i n g  m a t e -  
r ia l  by i t s e l f  i s  very  l i g h t .  This amount of trea%ment on %he JT3D en- 
gines  of a DC8 a i r p l a n e  lowered t h e  approach n o i s e  about 11 PNdB. The 
a d d i t i o n  of one s p l i t t e r  t o  .she i n l e t  of some of t h e  h igh  BPR engines  
of t h i s  s tudy  may n o t  b e  as e f f e c a i v e  i n  reducing approach n o i s e  of t h e s e  
engines as it w a s  f o r  t h e  low-BPR JT3D because s f  t h e  l a r g e r  i n l e t  
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diameter-to-sound-wave-length r a t i o  ( r e f .  18 ) .  It w a s  es t imated  i n  t h i s  
s tudy  t h a t  t h i s  type  of i n l e t  and duc t  t rea tment  combined w i l l  reduce t h e  
f a n  machinery n o i s e  about 10 PNdB. A 15-PNdB reduc t ion ,  the maximum 
demonstrated t o  d a t e ,  can b e  a t t a i n e d  only by t h e  a d d i t i o n  of more 
s p l i t t e r  r i n g s  i n  t h e  i n l e t  and probably t h e  a d d i t i o n  of r a d i a l  s p l i t t e r s  
i n  t h e  duct  as w e l l  ( r e f .  19 ) .  

In both r e fe rences  17 and 19 ,  the weight p e n a l t i e s  involved more 
than j u s t  t rea tment  weight.  There w e r e  s t r u c t u r a l  changes t o  t h e  engine 
as w e l l .  To s e p a r a t e  t h e  weight due t o  t rea tment  and t h e  weight  due t o  
s t r u c t u r e  is imposs ib le  from those  r e fe rences  alone.  However , r e f e r -  
ence 20 i n d i c a t e s  t h a t  two s p l i t t e r  r i n g s  weigh 150 pounds. To achieve  
10 PNdB suppress ion  i n  a long duc t  engine,  t h e  i n l e t  needs only one r i n g  
and t h e  duc t  and i n l e t  w a l l s  must be t r e a t e d .  'In t h i s  r e p o r t  i t  w a s  
assumed t h a t  t h i s  could be done f o r  150 pounds on a 53-inch-diameter 
engine. Of t h i s ,  75 pounds w a s  a t t r i b u t e d  t o  t h e  s i n g l e  s p l i t t e r  and 
the  o t h e r  75 pounds t o  t h e  t reatment  of t h e  duct  and i n l e t  w a l l s .  When 
15 PNdB w a s  r equ i r ed  i n  t h i s  s tudy ,  i t  was assumed t h a t  t h e  e x t r a  i n l e t  
r i n g  and a d d i t i o n a l  duc t  treatment weigh 75 pounds f o r  a 53-inch-diameter 
engine. S ince  most of t h e  t rea tment  weight is  app l i ed  near  t h e  periph- 
e ry  of t h e  engine,  t rea tment  weight w a s  s c a l e d  d i r e c t l y  wi th  .maximum 
engine diameter  i n  t h i s  s tudy.  The a i r p l a n e  operating-empty-weight pen- 
a l t y  due t o  turbomachinery no i se  suppress ion  used i n  t h i s  s tudy  i s  
p l o t t e d  as a s t r a i g h t  l i n e  ( f i g .  11) through t h e  o r i g i n  and t h e s e  two 
po in t s  a t  10  and 15  PNdB of suppression.  Engine diameter  w a s  ad jus t ed  
f o r  t h i s  p l o t  from 53 inches  t o  t h e  nominal 80-inch s i z e  more compatible 
wi th  high-BPR turbofans  . 

Cycle Optimizat ion w i t h  Noise and Thrust  Cons t ra in ts  

A t  each des ign  FPR considered,  once t h e  r e l a t i o n  between c r u i s e  
and sea-level-static T4 
i l a r  t o  t h e  ske tch  of f i g u r e  12(a)  can be  made f o r  a spectrum of des ign  
BPR's and OPR's. TOGW w a s  f i x e d  i n  t h e  cyc le  opt imiza t ion  p a r t  of t h e  
s tudy  and t o t a l  range w a s  used as t h e  a i r p l a n e  f i g u r e  of m e r i t .  Contours 
of cons tan t  range are shown i n  t h e  f i g u r e  wi th  A 
t h r u s t  l i m i t i n g  l i n e  ( i .e . ,  (Fn/Wg)sls = 0.24) i s  shown below which a 

takeoff  t h r u s t  w i l l  b e  u n s a t i s f a c t o r y .  Broken l i n e s  of cons tan t  s i d e l i n e  
j e t  n o i s e  ( f o r  t h e  combined f a n  and co re  streams) are a l s o  shown, wi th  
t h e  lowest  l i n e s  r ep resen t ing  t h e  h i g h e s t  n o i s e  levels. Four engine 
cyc les  ( i .e. ,  p o i n t s  A, B ,  C ,  and D) are s e l e c t e d  from the "thumbprint" 
p l o t  f o r  f u r t h e r  a n a l y s i s  w i th  r e s p e c t  t o  t o t a l  n o i s e  ( i . e . ,  j e t  p l u s  
f a n  turbomachinery) and t h e  range penal ty  involved wi th  a c o u s t i c  treat- 
ment. (The range contours  shown on t h e  "thumbprint" p l o t  w e r e  computed 
f o r  no a c o u s t i c  t rea tment  pena l ty . )  Engines A ,  B y  C ,  and D were s e l e c t e d  
because they  produce t h e  maximum range t h a t  can be  obta ined  a t  each of 
four  s e l e c t e d  l e v e l s  of s i d e l i n e  j e t  n o i s e  ( i . e . ,  t h e  j e t  n o i s e  curves 
are tangent  t o  t h e  range  contours  a t  t h e s e  p o i n t s ) .  

has  been e s t a b l i s h e d  , a "thumbprint" p l o t  s i m -  

RA > RB > RC > RD. 
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A p l o t  l i k e  f i g u r e  12(b)  is  next  cons t ruc ted  t o  show t h e  r e l a t i o n  
between t o t a l  approach no i se  and t o t a l  s i d e l i n e  no i se  f o r  d i f f e r e n t  
l e v e l s  of turbomachinery n o i s e  suppress ion .  These n o i s e  levels w e r e  ob- 
t a i n e d  by adding a n t i l o g a r i t h m i c a l l y  , octave-by-octave , t h e  machinery 
no i se  and t h e  combined j e t  n o i s e  as descr ibed  i n  t h e  preceding s e c t i o n  
e n t i t l e d  "Noise Cons t ra in ts . "  Calcu la t ions  w e r e  made wi th  0 ,  10 ,  20, 
and 30 PNdB of turbomachinery n o i s e  suppress ion  assumed. Lines  of con- 
s t a n t  BPR are a l s o  shown i n  t h i s  ske tch .  A n o i s e  goa l  r ep resen ted  by 
po in t  
By i n t e r p o l a t i o n ,  i t  appears  from f i g u r e  12(b)  t h a t  t h e  n o i s e  goa l  can 
be  achieved w i t h  about 16 PNdB of turbomachinery no i se  suppression.  

X i s  pos tu l a t ed  such t h a t  approach and s i d e l i n e  n o i s e  are equal .  

A p l o t  l i k e  f i g u r e  12(c)  i s  next  cons t ruc ted  t o  show range as a 
func t ion  of t o t a l  s i d e l i n e  n o i s e  a t  va r ious  levels of machinery n o i s e  
suppression.  
by means of f i g u r e  11 t o  account f o r  t h e  range pena l ty  due t o  turboma- 
ch inery  n o i s e  suppress ion  i n  f i g u r e  1 2 ( c ) .  I f  t h i s  p l o t  i s  en te red  wi th  
the  t o t a l  s i d e l i n e  n o i s e  goa l  of f i g u r e  1 2 ( b ) ,  po in t  X can b e  loca ted  a t  
t h e  i n t e r s e c t i o n  of t h i s  n o i s e  l i n e  w i t h  t h e  curve r ep resen t ing  16 PNdB 
of suppress ion .  I n c i d e n t a l l y ,  f o r  t h i s  p a r t i c u l a r  s i d e l i n e  n o i s e ,  f i g -  
u re  12(c)  shows t h a t  t h e  suppress ion  can be- increased  from 16  t o  20 PNdB 
wi th  p r a c t i c a l l y  no range penal ty .  I f  it. is ,  i n  f a c t ,  p o s s i b l e  t o  o b t a i n  
a suppress ion  of 20 PNdB by t h e  year  1978, i t  would b e  b e n e f i c i a l  t o  in-  
crease t h e  suppress ion  t o  t h i s  l e v e l  because t h e  ske tch  of f i g u r e  12(b)  
shows t h a t  t h i s  w i l l  reduce t h e  approach n o i s e  by what may b e  a s i g n i f i -  
can t  amount. 

The range obtained from t h e  "thumbprint" p l o t  i s  ad jus t ed  

Cost Est imat ion 

D i r e c t  ope ra t ing  cos t  w a s  computed f o r  s e l e c t e d  engines of i n t e r e s t  
by t h e  s tandard  ATA formula ( r e f .  4 ) .  Since n e i t h e r  range nor  TOGW as 
f i g u r e s  of m e r i t  r e f l e c t  t h e  importance of b lock  t i m e  changes wi th  c r u i s e  
Mach number, DOC probably se rves  as a b e t t e r  comparative index.  It re- 
f l e c t s  t he  importance of t h e s e  b lock  t i m e  changes i n  economic t e r m s .  Un- 
c e r t a i n t i e s  of a i r p l a n e  p r i c i n g  a t  t h i s  pre l iminary  s t a g e  of development 
make t h e  computational accuracy of DOC i n  terms of abso lu t e  numbers 
somewhat doubt fu l .  The relative merits of t h e  a i r p l a n e s  s t u d i e d  can,  
however, be  compared wi th  some confidence on a DOC b a s i s .  I n  t h i s  
s tudy ,  a i r f rames  w e r e  assumed t o  cos t  $72 per  pound (based on d a t a  from 
r e f .  5 f o r  c u r r e n t  a i r p l a n e s ) .  I Acoust ic  suppress ion  f o r  turbomachinery 
n o i s e  w a s  a l s o  assumed t o  c o s t  $72 per  pound. Engine p r i c e  w a s  assumed 
t o  b e  a func t ion  of sea-level-static co r rec t ed  a i r f l o w  and i s  computed as 

This c o s t  v a r i a t i o n  wi th  a i r f l o w  i s  based on empi r i ca l  d a t a  a d j u s t e d  t o  
r e f l e c t  t h e  t y p i c a l  cos t  of a high-BPR turbofan  such as those  used t o  
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power t h e  new wide-body tr i jets.  Later, t h e  assumed a i r f rame and engine 
c o s t s  were increased  by 50 percent  t o  see what t h e  e f f e c t  would b e  on 
both t h e  o v e r a l l  level  of DOC and t h e  relative comparison of t h e  var- 
ious  a i r p l a n e s .  I n  a11 of t h e  DOC computations,  t h e  domestic economic 
ground r u l e s  of r e fe rence  4 were used. 

RESULTS AND DISCUSSION 

Cycle Optimizat ion wi th  Fixed TOGW and Var i ab le  Range 

"Thumbprint" performance p l o t s .  - A "thumbprint" p l o t  i s  shown i n  
f i g u r e  13(a)  f o r  a series of engines  designed t o  c r u i s e  a t  Mach 0.98 wi th  
a f a n  g res su re  r a t i o  of 1 , 7 .  The c r u i s e  T4 w a s  a r b i t r a r i l y  chosen t o  
be  200 F less than  t h e  takeoff  T4 everywhere on t h i s  p l o t .  Notice 
t h a t  f o r  t h e  f i x e d  TOGW of 386 000 pounds t h e  range maximizes a t  
3340 n a u t i c a l  m i l e s  a t  a c r u i s e  BPR between 0.4 and 1.0. Optimum 
c r u i s e  OPR's l i e  between 36 and 44. 
t he re  i s  not  enough takeoff  t h r u s t  and s i d e l i n e  j e t  n o i s e  is much too  
high a t  t h e  peak range. 
l e v e l s  t h a t  are l i k e l y  t o  b e  acceptab le  ( i . e .  , below 106 PNdB) , c r u i s e  
BPR must be  increased  t o  a va lue  of 5 o r  more wi th  a range pena l ty  of 
a t  least 100 m i l e s .  (Fn/Wg) 
by s o  doing, whereas i t  i s  pk!$ulated t h a t  0.24 w i l l  b e  s u f f i c i e n t .  
o the r  words, t o  ach-ieve t h e  l e v e l s  of s i d e l i n e  j e t  n o i s e  t h a t  are re- 
qui red ,  a i r f l o w  i n  excess of t h a t  r equ i r ed  f o r  adequate takeoff  t h r u s t  
is obtained when T 4  a t  c r u i s e  i s  reduced 200' F from t h e  takeoff  and 
climb s e t t i n g .  

Unfortunately,  as t h e  p l o t  shows, 

To reduce t h e  s i d e l i n e  j e t  n o i s e  t o  " f loor"  

i s  increased  t o  va lues  of 0.33 o r  more 
I n  

I f  t h e  c r u i s e  T4 is r a i s e d  100' F,  t h e  engines  w i l l  be  smaller 
and t h e  takeoff  t h r u s t  level  should be  c l o s e r  t o  t h e  l i m i t i n g  l i n e  a t  
s i d e l i n e  j e t  n o i s e  levels of i n t e r e s t ,  A s  can be  seen  i n  f i g u r e  1 3 ( b ) ,  
t h i s  is  indeed t h e  r e s u l t  t h a t  w a s  obtained when t h e  c r u i s e  
r a i s e d  t o  2200' F (only 100' F less than  t h e  takeoff  
t he  maximum achievable  range i n c r e a s e  as c r u i s e  
the  optimum BPR increased  t o  t h e  v i c i n i t y  of 3 .  Thrust  i s  adequate  
a t  t h i s  p o i n t  because t h e  (Fn/W ) 
t ou r  o f  maximum range. 
106 PNdB, t h e  c r u i s e  BPR must b e  r a i s e d  t o  about 5. A range pena l ty  
of only about 35 m i l e s  is involved by s o  doing when t h e  c r u i s e  OPR i s  
40. I f  a j e t  n o i s e  "floordPI1 of 96 PNdB i s  d e s i r e d ,  BPR must be  r a i s e d  
t o  6,  where t h e  range pena l ty  is  about 65 m i l e s .  Although more than  
enough takeoff  t h r u s t  is  a v a i l a b l e ,  as d iscussed  earlier i t  would be  
dangerous t o  raise t h e  c r u i s e  
climb a c c e l e r a t i o n  very  marginal  as c r u i s e  is approached. Although t h e  
optimum c r u i s e  OPR appears t o  occur a t  a v a l u e  of about 40 because of 
t h e  l igh tweight  engine technology assumed, lower va lues  can b e  chosen 
without  much range penal ty .  ( I t  is p o s s i b l e  t h a t  e i t h e r  compressor de- 
s i g n  cons ide ra t ions  o r  n i t r o g e n  oxide p o l l u t i o n  c o n t r o l  might cause a 
design OPR of about 30 t o  be s e l e c t e d . )  

T4 w a s  
T4) Not only  d id  

T4 w a s  i nc reased ,  bu t  

l i m i t i n g  l i n e  f a l l s  below t h e  con- 5 sls To o b t a i n  a s i d e l i n e  j e t  n o i s e  ' 'floor' '  of 

T4 s t i l l  more because t h i s  would make 



1% 

For c r u i s e  a t  Mach 0.94 wi th  a f a n  p res su re  r a t i o  of 1 . 7 ,  range 
maximizes near  bo th  t h e  t h r u s t  l i m i t i n g  l i n e  and t h e  s i d e l i n e  j e t  n o i s e  
levels of i n t e r e s t  ( f i g .  13(c) )  when t h e  c r u i s e  
100' F of t h e  takeoff  P r a c t i c a l l y  no range pena l ty  is involved i n  
meeting s i d e l i n e  j e t  n o i s e  levels of 96 PNdB. L e s s  than  a 40-mile pen- 
a l t y  i s  involved i n  modifying t h e  cyc le  t o  m e e t  an 86-PNdB s i d e l i n e  j e t  
no i se  level. It is  i n t e r e s t i n g  t o  no te  t h e  maximum range a t t a i n a b l e  a t  
Mach 0.94 is  575 n a u t i c a l  m i l e s  g r e a t e r  than  t h a t  obtained a t  Mach 0.98, 
as may b e  seen by comparing f i g u r e s  13(b) and ( c ) .  For a s i d e l i n e  jet  
n o i s e  " f loor"  of 96 PNdB, a 640-nautical-mile improvement can b e  ob- 
ta ined  by designing f o r  c r u i s e  a t  Mach 0.94 i n s t e a d  of Mach 0.98. 
mum BPR and OPR at  t h e s e  n o i s e  levels i s  about t h e  same f o r  e i t h e r  
Mach number. 

T4 i s  r a i s e d  t o  w i t h i n  
T4. 

Opti- 

F igu re  13(d)  i s  p l o t t e d  f o r  c r u i s e  a t  Mach 0.90 w i t h  a f a n  p res su re  
In orde r  t o  o b t a i n  s u f f i c i e n t  takeoff  t h r u s t  w i t h  engines r a t i o  of  1 .7 .  

s i z e d  f o r  t h i s  c r u i s e  cond i t ion ,  i t  w a s  necessary t o  reduce t h e  c r u i s e  
T4 t o  2100° F f o r  a f i x e d  takeoff  Tp, of 2300O F. The maximum range 
i s l a n d  of 4194 n a u t i c a l  m i l e s  f a l l s  s l i g h t l y  below t h e  l i m i t i n g  t h r u s t  
l i n e ,  b u t  t h e  range penal ty  involved i n  meeting t h e  t h r u s t  l i m i t  i s  
very s l i g h t .  
c ides  wi th  t h e  t h r u s t  l i m i t i n g  curve.  
40 m i l e s  is  involved i n  inc reas ing  t h e  BPR s o  t h a t  a s i d e l i n e  j e t  
n o i s e  " f loor"  of 86 PNdB i s  m e t .  
u re  13 (c )  , i t  may b e  seen  t h a t  about 200 m i l e s  more range may b e  obta ined  
when c r u i s e  speed is  reduced from Mach 0.94 t o  Mach 0.90 wi th  FPR f i x e d  
at  1.7. 

The s i d e l i n e  j e t  n o i s e  curve of 96 PNdB ve ry  n e a r l y  coin- 
A f u r t h e r  pena l ty  of on ly  about 

By comparing f i g u r e  13(d) w i t h  f i g -  

A cruise fan pressure r a t i o  of 2.25 is considered in t h e  next t h r e e  
"thumbprint" p l o t s  ( f i g .  13(e-g)) e A c r u i s e  speed of Mach 0.98 i s  con- 
s ide red  f i r s t  i n  f i g u r e  13 (e ) .  A v a r i a t i o n  of c r u i s e  T4 w i t h  takeoff  
T4 f i x e d  at 2300° F showed t h a t  range w a s  maximized by s e l e c t i n g  a 
c r u i s e  T4 of 2200' F. When t h e  maximum range i s l a n d  of t h i s  "thumb- 
p r i n t "  p l o t  i s  compared wi th  t h a t  f o r  an  FPR of 1.7 ( f i g .  1 3 ( b ) ) ,  i t  
is seen t h a t  an i n c r e a s e  of 335 n a u t i c a l  m i l e s  is  r e a l i z e d  a t  t h e  h ighe r  
FPR. For  t h e  des ign  parameters requi red  t o  o b t a i n  a s i d e l i n e  j e t  n o i s e  
level of 96 PNdB, a similar comparison shows a range i n c r e a s e  of about  
390 m i l e s  i n s t e a d  of 335 miles. A t  t h i s  h igher  FPR, t h e  96 PNdB s ide -  
l i n e  j e t  n o i s e  curve almost i n t e r s e c t s  t h e  maximum range i s l a n d .  
lower FPR ( f i g .  13 (b ) )  , however, t h e r e  w a s  a range penal ty  involved i n  
ob ta in ing  a j e t  n o i s e  ' 'floor' '  of 96 PNdB. It is  a l s o  w e l l  t o  n o t i c e  i n  
comparing t h e  two "thumbprints" t h a t  lower des ign  BPR's are obta ined  a t  
any g iven  level of s i d e l i n e  j e t  n o i s e  as FPR i s  increased .  This  i s  
because a t  any given 
t o  d r i v e  t h e  f a n  wi th  t h e  h ighe r  FPR, Thus, less energy is  l e f t  i n  t h e  
gas downstream of t h e  t u r b i n e  and j e t  exhaust v e l o c i t y  ( t h e  most impor- 
t a n t  j e t  n o i s e  v a r i a b l e )  i s  reduced a t  t h e  h ighe r  FPR. 

For t h e  

BPR more s p e c i f i c  work must be  done by t h e  t u r b i n e  

A cruise speed of Mach 0.94 is  considered next  i n  f i g u r e  1 3 ( f )  f o r  
a des ign  FPR of 2.25. To have enough takeoff  t h r u s t  w i t h  T4 a t  
2300' F ,  i t  w a s  necessary  t o  reduce t h e  c r u i s e  T4 t o  20%Oo F.  The 
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t h r u s t  l i m i t i n g  l i n e  almost touches t h e  i s l a n d  of maximum range f o r  t h i s  
c r u i s e  T4.  Cru ise  OPR opt imizes  a t  a s l i g h t l y  lower v a l u e  than i n  the 
previously d iscussed  thumbprints.  A s i d e l i n e  j e t  n o i s e  of about 99 PNdB 
is  obtained at t h e  t h r u s t  l i m i t i n g  l i n e .  By comparing t h e s e  r e s u l t s  w i t h  
those of f i g u r e  1 3 ( e ) ,  i t  may be  seen  t h a t  a range improvement of more 
than 400 m i l e s  is  obta ined  when c r u i s e  speed i s  reduced from Mach 0.98 t o  
0.94 a t  an FPR of 2.25. A range improvement of about 200 m i l e s  occurs  
when FPR i s  increased  from 1.70 t o  2.25 f o r  c r u i s e  a t  Mach 0.94, as a 
comparison w i t h  t h e  thumbprint of f i g u r e  13(c)  w i l l  show. ' 

I n  f i g u r e  13(g) a thumbprint p l o t  is  shown f o r  a Mach 0.90 c r u i s e  
wi th  an FPR of 2.25. To inc rease  t h e  takeoff  t h r u s t  t o  accep tab le  
l e v e l s  w i th  T4 a t  2300' F,  it w a s  necessary t o  reduce t h e  c r u i s e  T4 
t o  19650 F. With t h i s  s i z i n g  c r i t e r i o n ,  it w a s  necessary t o  move less 
than 100 m i l e s  away from t h e  i s l a n d  of maximum range (4350 n m i )  t o  reach  
the  t h r u s t  l i m i t i n g  l i n e .  Lower c r u i s e  
l i m i t i n g  (Fn/Wg)sls l i n e  relative t o  t h e  maximum range i s l a n d ,  b u t  t h i s  

i s l a n d  would have had a lower va lue .  Hence, t h e  range t r adeof f  is about 
equal  bu t  the s e l e c t e d  T4 g ives  a s l i g h t l y  lower s i d e l i n e  j e t  noise .  
A s i d e l i n e  j e t  n o i s e  of 98 PNdB i s  obtained a t  t h e  i n t e r s e c t i o n  of t h e  
t h r u s t  l i m i t i n g  l i n e  and t h e  l i n e  of optimum c r u i s e  
A comparison wi th  t h e  previous thumbprint ( f i g .  1 3  ( f ) )  shows t h a t  range 
can be  increased  by about 85 m i l e s  a t  t h e  t h r u s t  l i m i t i n g  l i n e  by reduc- 
ing  t h e  c r u i s e  speed from Mach 0.94 t o  0.90 f o r  a c r u i s e  FPR of 2.25. 
A cblppwison wi th  t h e  Mach 0.90 thumbprint f o r  an 
( f ig .  13 (d ) )  shows t h a t  r a i s i n g  t h e  c r u i s e  FPR t o  2.25 i n c r e a s e s  t h e  
range only about 90 m i l e s  a t  t h e  optimum OPR on t h e  t h r u s t - l i m i t i n g  
l i n e .  A t  t h e  h ighe r  Mach numbers a g r e a t e r  range i n c r e a s e  occurred over  
t h i s  rise i n  FPR. Hence, even wi thout  any cons ide ra t ion  of f a n  machin- 
ery no i se ,  t h e  d e s i r a b i l i t y  of t h e  h ighe r  FPR becomes less apparent  as 
c r u i s e  speed is  reduced. 

T4's would have lowered t h e  

OPR ( i . e . ,  OPR = 32) .  

FPR of 1 . 7  

Range penaltv f o r  r educ t ion  of combined j e t  and f an  turbomachinery 
noise .  - A s  prev ious ly  d iscussed  i n  "Method of Analysis" i n  connect ion 
wi th  f i g u r e  12(a-c) ,  optimum c y c l e  p o i n t s  are next  s e l e c t e d  from t h e  fore-  

, going "thumbprints" i n  o r d e r  t o  eva lua te  t h e  range penal ty  t h a t  must be 
paid f o r  d i f f e r e n t  amounts of n o i s e  reduct ion .  F igu re  14(a)  summarizes 
the  r e s u l t s  of t h i s  exercise f o r  a c r u i s e  FPR of 1.70. Range w i t h  a 
penal ty  included f o r  t h e  weight of t h e  turbomachinery n o i s e  suppressors  
is  p l o t t e d  a g a i n s t  t h e  t o t a l  combined n o i s e  a t  e i t h e r  t h e  s i d e l i n e  o r  t h e  
approach cond i t ion ,  whichever i s  g r e a t e r .  Three curves are shown - one 
f o r  each of t h e  c r u i s e  Mach numbers considered. The right-hand end of 
each curve r ep resen t s  t h e  optimum cyc le  meeting t h e  t h r u s t  c o n s t r a i n t  
from one of t h e  "thumbprint" p l o t s .  No a c o u s t i c  suppress ion  has  been 
appl ied  a t  t h e s e  p o i n t s  and t h e  ranges p l o t t e d  h e r e  t h e r e f o r e  ag ree  wi th  
those from t h e  corresponding thumbprints.  A t  each of t h e  t h r e e  c r u i s e  
speeds considered,  i t  i s  seen  from f i g u r e  14 (a )  t h a t  t h e  optimum engines  
f o r  t h i s  FPR can meet a no i se  goa l  of only about 114 PNdB. For t h e  
Mach 0.98 a i r p l a n e  unconstrained by n o i s e ,  t o t a l  n o i s e  is  about t h e  same 
a t  both t h e  s i d e l i n e  and approach measuring s t a t i o n s .  It is  dominated 
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by j e t  n o i s e  a t  t h e  s i d e l i n e  condi t ion  and machinery no i se  at the  approach 
condi t ion.  A s  c r u i s e  speed is  reduced, approach no i se  exceeds s i d e l i n e  
n o i s e  - by as much as 8 PNdB f o r  t h e  Mach 0.90 a i rp l ane .  

A s  t he  n o i s e  g o a l  is reduced by proceeding t o  t h e  l e f t  i n  f i g -  
u re  1 4 ( a ) ,  t h e  des ign  BPR is  inc reas ing  a t  t h e  same t i m e  t h a t  turbo- 
machinery a c o u s t i c  t rea tment  i s  being added. A s  t h e  n o i s e  g o a l  i s  re- 
duced, t h e  suppressed s i d e l i n e  and approach n o i s e  levels become equal  a t  
some po in t .  This occurs  almost immediately f o r  t h e  Mach 0.98 a i r p l a n e s ,  
bu t  does not  occur u n t i l  a n o i s e  goa l  of 104 PNdB i s  reached f o r  t h e  
Mach 0.94 a i r p l a n e s .  It occurs a t  a n o i s e  g o a l  of 95 PNdB f o r  t h e  
Mach 0 90 a i r p l a n e s  

A t  t h e  le f t -hand  end of t h e  curves,  23 t o  30 PNdB of turbomachinery 
n o i s e  suppress ion  is  requi red .  Also shown i n t e r s e c t i n g  t h e  t h r e e  Mach 
number curves of f i g u r e  14(a)  i s  a l i m i t i n g  l i n e  f o r  20 PNdB of turbo-  
machinery no i se  suppress ion .  A s  p rev ious ly  mentioned, 20 PNdB of f a n  
machinery n o i s e  suppress ion  is an  o p t i m i s t i c  goa l  t o  s t r ive  f o r ,  b u t  one 
which hopefu l ly  can b e  m e t  by t h e  pos tu l a t ed  year  of f i r s t  f l i g h t  - 1978. 
Notice t h a t  wi th  20 PNdB suppress ion  n o i s e  goa ls  from 93 t o  96 PNdB can 
be  m e t  a t  t h i s  des ign  FPR. 

F igure  14(b)  shows t h e  e f f e c t  of va r ious  amounts of turbomachinery 
n o i s e  suppress ion  f o r  engines  wi th  a c r u i s e  FPR of 2.25. Again, t h e  
right-hand and po in t s  of t h e  t h r e e  curves r ep resen t  t h e  optimum c y c l e  
po in t s  wi thout  any suppress ion  wi th  t h e  c o n s t r a i n t  t h a t  (Fn/Wg) 

With no suppress ion ,  i t  is seen  t h a t  n o i s e  levels as high as 125 t o  
126 PNdB are obtained.  
l e v e l s  of suppress ion  considered on t h i s  p l o t .  With no i se  unsuppressed, 
t h e  f a n  machinery n o i s e  exceeds t h e  j e t  n o i s e  a t  both n o i s e  measuring 
s t a t i o n s  r ega rd le s s  of design Mach number. A s  t h e  amount of suppress ion  
i s  increased  ( i . e . ,  proceeding t o  t h e  l e f t  i n  f i g .  1 4 ( b ) ) ,  machinery 
no i se  even tua l ly  reaches  the  level of t h e  j e t  no i se .  Unlike t h e  case 
wi th  an  FPR of 1 - 7 0 ,  however, BPR is  not  increased  as t h e  n o i s e  goa l  
is  reduced. It w a s  found t h a t  w i th  an FPR of 2.25 t h e  range decreased 
as BPR w a s  increased  without  a s i g n i f i c a n t  reduct ion  i n  t o t a l  no i se .  
(Tota l  no i se  w a s  gene ra l ly  dominated by machinery n o i s e ,  which is  unaf- 
f e c t e d  by BPR,) Hence, t h e  b e s t  t radeoff  w a s  t o  keep t h e  engine cyc le  
parameters f i x e d  as more machinery no i se  t rea tment  w a s  added. 

2 0.24. sls 

Approach n o i s e  exceeded t h e  s i d e l i n e  n o i s e  a t  a l l  

The po in t s  a t  t h e  lef t -hand end of t h e  curves of f i g u r e  14(b)  repre-  
s e n t  r e s u l t s  t h a t  could be obtained i f  i t  were p o s s i b l e  t o  suppress  ma- 
ch inery  no i se  by 30 PNdB. 
p re s s ion ,  t h e  l i m i t i n g  l i n e  shows t h a t  goa l s  of 106 t o  108 PNdB of 
approach n o i s e  can b e  obta ined ,  depending on des ign  c r u i s e  Mach number. 
I f  t h e  t r ades  of FAR P a r t  36 are permi t ted ,  t h e  goals  t h a t  are m e t  can 
b e  s a i d  t o  b e  2 PNdB lower than  t h e s e  va lues  s i n c e  no i se  measured a t  t h e  
s i d e l i n e  s t a t i o n  is  more than  2 PNdB less than  t h e  approach noise .  
20 PNdB of suppress ion ,  s i d e l i n e  no i se  i s  6 t o  7 PNdB less than  approach 
noise . )  

I f  w e  s t r ive  f o r  a goa l  of 20 PNdB of sup- 

(With 
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Resu l t s  from f i g u r e s  14(a)  and (b) have been t abu la t ed  i n  t a b l e  I 
t o  show how range i s  a f f e c t e d  by h igher  des ign  f a n  p res su re  r a t i o .  
r e s u l t s  are t abu la t ed  f i r s t  f o r  no n o i s e  c o n s t r a i n t  and then  f o r  n o i s e  
goals  of 106 and 96 PNdB wi th  a c o u s t i c  t rea tment .  
each of t h e  t h r e e  c r u i s e  speeds considered.  No d a t a  are shown f o r  cases 
where more than t h e  assumed maximum l i m i t  of 20 PNdB of turbomachinery 
no i se  suppress ion  w a s  requi red  t o  m e e t  a given n o i s e  goa l .  It is  appar- 
e n t  from the last column of t h e  t a b l e  t h a t  it becomes inc reas ing ly  more 
d e s i r a b l e  from t h e  range s tandpoin t  t o  i n c r e a s e  t h e  design 
c r u i s e  speed is increased .  A t  t h e  low end of t h e  c r u i s e  Mach number 
spectrum, lower des ign  FPR's can be  s p e c i f i e d  f o r  lower no i se  w i t h  very 
l i t t l e  range penal ty .  (At t h e  FPR of 1.70 t h e  n o i s e  goa l  can b e  re- 
duced from 106 t o  96 PNdB wi th  only a 40- t o  66-mile range pena l ty ,  re- 
ga rd le s s  of c r u i s e  speed.)  

The 

Data are shown f o r  

FPR as 

Resu l t s  w i t h  20 PNdB of turbomachinery n o i s e  suppress ion  - I n  f i g -  
u r e  15(a)  range is  p l o t t e d  a g a i n s t  c r u i s e  Mach number f o r  n o i s e  goa l s  of 
106 and 96 PNdB. Data f o r  t h e  106 PNdB curve w a s  taken from f i g u r e  14(b)  
f o r  t h e  two-stage f a n s  w i t h  an FPR of 2.25. Data f o r  t h e  96 PNdB 
curve w a s  taken from f i g u r e  14(a)  f o r  t h e  s ing le - s t age  f a n s  w i t h  an  FPR 
of 1.70. These n o i s e  goa l s  were s e l e c t e d  f o r  f u r t h e r  s c r u t i n y  because 
they can be  achieved wi th  approximately 20 PNdB of turbomachinery n o i s e  
suppress ion  a t  t h e  FPR's under cons idera t ion .  
FPR's would r e q u i r e  more suppress ion  than  is  l i k e l y  t o  be  achievable  by 
t h e  t i m e  t h e  plane is  pos tu l a t ed  t o  b e  introduced.  I f  curves  f o r  lower 
n o i s e  goa ls  were t o  be  p l o t t e d  i n  f i g u r e  15(a)  and s t i l l  b e  compatible 
wi th  t h e  two curves shown, i t  would b e  necessary t o  o b t a i n  a d d i t i o n a l  
d a t a  f o r  des ign  FPR's lower than  1 . 7 .  

Lower n o i s e  goa ls  a t  these  

F igure  15(a)  emphasizes t h e  i n c r e a s e  i n  range p o s s i b l e  by reducing 
the  c r u i s e  speed from Mach 0.98 t o  0.90. The range improvement t h a t  is  
obtained by reducing speed i s  e s p e c i a l l y  ev ident  w i t h  t h e  curve f o r  t h e  
96 PNdB n o i s e  goal .  
800 n a u t i c a l  m i l e s  by t h i s  reduct ion  i n  c r u i s e  speed. I f  t h e  speed re- 
duct ion  is  halved t o  Mach 0.94, range can be  increased  by 600 m i l e s  over 
i ts  va lue  a t  Mach 0.98. 
t hese  reduct ions  i n  c r u i s e  speed i s  no t  q u i t e  as g r e a t  a t  t h e  h ighe r  
no i se  g o a l  of 106 PNdB. For t h i s  goa l ,  a range i n c r e a s e  of only 
500 n a u t i c a l  m i l e s  was  p o s s i b l e  by decreas ing  t h e  des ign  c r u i s e  speed 
from Mach 0.98 t o  0.90. 
f o r  t h i s  n o i s e  goa l  of 106 PNdB, 80 percent  (400 n mi) of t h i s  range  
improvement can be  r e t a i n e d .  

A t  t h i s  goa l ,  t h e  range can b e  increased  by about 

The range improvement t h a t  can b e  obta ined  by 

I f  t h e  speed reduct ion  w a s  halved t o  Mach 0.94 

It i s  a l s o  apparent  from f i g u r e  15(a)  t h a t  t h e r e  i s  a range penal ty  
involved i n  reducing t h e  n o i s e  from 106 t o  96 PNdB. This  range  pena l ty  
decreases  from 400 n a u t i c a l  m i l e s  a t  Mach 0.98 t o  less than  100 m i l e s  
a t  Mach 0.90. A t  Mach 0.94,  t h e r e  is  a 200-mile range penal ty  involved 
when t h e  cyc le  is optimized f o r  96 PNdB ins t ead  of 106 PNdB w i t h  20 PNdB 
of machinery n o i s e  suppression.  
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I n  f i g u r e  15(b) t h e  optimum c r u i s e  bypass r a t i o s  are shown as a 
func t ion  of c r u i s e  Mach number f o r  n o i s e  goa ls  of 106 and 96 PNdB. BPR 
opt imizes  i n  t h e  v i c i n i t y  of 4 a t  a l l  va lues  of Mcr f o r  t h e  106 PNdB 
n o i s e  goa l .  For t h e  96 PNdB n o i s e  g o a l ,  BPR opt imizes  a t  about  6.  

I n  f i g u r e  15(c)  t h e  optimum c r u i s e  o v e r a l l  compressor p re s su re  
r a t i o s  are shown t o  vary  from 32 t o  36 f o r  t h e  106-PNdB n o i s e  goa l .  For 
t h e  96-PNdB n o i s e  goa l  t h e  optimum OPR's are somewhat h ighe r  and va ry  
from 36 t o  41. A s  can be seen  by r e f e r r i n g  t o  t h e  "thumbprint" p l o t s ,  
however, OPR is  no t  a s t r o n g  optimum and can be  reduced t o  t h e  v i c i n i t y  
of 30 wi thout  any s i g n i f i c a n t  adverse e f f e c t  on range.  This  r educ t ion  
may be  r equ i r ed  t o  c u r t a i l  n i t r o g e n  oxide emissions.  OPR optimized a t  
r a t h e r  h igh  va lues  i n  t h i s  s tudy  because of t h e  advances t h a t  w e r e  as- 
sumed t o  occur i n  engine weight technology by t h e  year  1978. Higher 
OPR's, t h e r e f o r e ,  d i d  no t  cause g r e a t  i nc reases  i n  engine weight i n  t h i s  
s tudy.  More conserva t ive  engine weight assumptions would have caused 
engine weight t o  rise f a s t e r  w i th  OPR, w i t h  t h e  r e s u l t  t h a t  t h e  optimum 
OPR's would have been lower,  

In f i g u r e  15(d)  i t  i s  shown t h a t  t h e  takeoff  thrust-to-gross-weight 
r a t i o  inc reases  from t h e  minimum of 0.24 f o r  t h e  lower c r u i s e  speeds t o  
va lues  as h igh  as 0 .31  f o r  a c r u i s e  speed of Mach 0.98 w i t h  a n o i s e  goa l  
of 96 PNdB. It w i l l  b e  r e c a l l e d  t h a t  t h e  c r u i s e  (design)  T4 w a s  ad- 
j u s t e d  wi th  t h e  takeoff  T4 f i x e d  t o  o b t a i n  an (Fn/Wg) of n o t  less 

than  0.24. 

when f u l l y  loaded.)  The f a c t  t h a t  (Fn/Wg) 0.24 f o r  t h e  Mach 0.98 

c r u i s e  cases r e f l e c t s  t h a t  t h e  c r u i s e  has  been ad jus ted  upward t o  
i ts  maximum permiss ib le  va lue  of 2200' F ( i . e . ,  100' F less than  t h e  
f i x e d  takeoff  T4 of 2300' F) To have obta ined  va lues  of (Fn/Wg)sls 

c l o s e r  t o  0.24 would have r equ i r ed  r a i s i n g  t h e  c r u i s e  
2200' F ,  thus  v i o l a t i n g  one of t h e  s tudy  ground r u l e s .  Such a r i se  i n  
c r u i s e  T4 wi th  takeoff  T4 h e l d  f ixed  would make t h e  climb t h r u s t  too  
marginal  as c r u i s e  is approached. 

s 1s 
(The three-engine Boeing 727-200 has  t h i s  v a l u e  of (Fn/Wg)sls 

s 1s 
T4 

T4 beyond 

The c r u i s e  T 4 ' s  t h a t  optimized performance are p l o t t e d  a g a i n s t  Mach 

rises l i n e a r l y  from 1965' F a t  Mach 0.90 t o  2200' F a t  
number i n  f i g u r e  16 (e ) .  
c r u i s e  T4 
Mach 0.98 when t h e  takeoff  T4 i s  f i x e d  a t  2300' F. For t h e  96-PNdB 
n o i s e  goa l ,  t h e  c r u i s e  T4 opt imizes  a t  2100' F a t  Mach 0.90 and in-  
creases l i n e a r l y  t o  2200' F a t  Mach 0.94 where i t  meets t h e  aforemen- 
t i oned  c o n s t r a i n t  f o r  t h r u s t  margin. Beyond Mach 0.94 t h e  c r u i s e  T4 is  
r e s t r i c t e d  t o  2200' F,  a l though range would probably have improved i f  
h ighe r  temperatures  had been allowed e 

For t h e  106-PNdB n o i s e  goa l ,  i t  i s  seen  t h a t  t h e  

F igure  1 5 ( f )  shows t h e  sea-level-static cor rec ted  a i r f l o w  requ i r ed  
f o r  each of t h e  optimized engines  wi th  a i r p l a n e  TOGW f i x e d  a t  386 000 
pounds. For t h e  engines Optimized t o  meet t h e  106-PNdB n o i s e  g o a l ,  t h e s e  
a i r f lows  v a r i e d  from 840 t o  950 pounds per  second. Airflows va ry ing  from 
1030 t o  1360 pounds per  second were r equ i r ed  t o  meet t h e  96-PNdB n o i s e  
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goal .  The corresponding engine maximum diameters  are shown i n  f i g -  
u r e  15(g).  For t h e  optimum engines meeting t h e  106-PNdB g o a l ,  the max- 
imum diameter  is  about 70 inches.  To meet t h e  96-PNdB goal ,  t h e  engine 
maximum diameters  must be  increased  t o  80 t o  90 inches .  

The next  f i g u r e  ( f i g .  15(h) )  shows t h e  v a r i a t i o n  of bo th  s i d e l i n e  
and approach no i se  wi th  Mcr 
The s o l i d  curves  r e p r e s e n t  s i d e l i n e  n o i s e  and t h e  broken curves r e p r e s e n t  
approach noise .  The f i g u r e  shows t h a t  a t  t h e  nominal 106-PNdB g o a l ,  t h e  
approach n o i s e  ranges from 106 t o  108 PNdB, depending on Mer. The cor- 
responding s i d e l i n e  n o i s e  v a r i e d  from 100 t o  102 PNdB. 
d iscussed ,  t h e  ground r u l e s  of FAR P a r t  36 permit  an excess  of up t o  
2 PNdB a t  one measuring s t a t i o n  i f  a corresponding r educ t ion  can b e  ob- 
ta ined  at another  measuring s t a t i o n . )  
very l i t t l e  d i f f e r e n c e  between t h e  s i d e l i n e  and approach no i ses .  

f o r  t h e  two n o i s e  goa l s  under cons idera t ion .  

(As previous ly  

For t h e  96-PNdB goa l  t h e r e  w a s  

Direct opera t ing  c o s t .  - DOC i s  shown p l o t t e d  i n  f i g u r e  16(a)  f o r  
t h e  range-optimized engines  wi th  a c r u i s e  FPR of 1.70. The DOC 
po in t s  p l o t t e d  i n  t h i s  f i g u r e  correspond t o  t h e  range  p o i n t s  p l o t t e d  i n  
f i g u r e  1 4 ( a ) .  Whereas range was  maximized by choosing an Mcr of 0.90, 
f i g u r e  16(a)  shows t h a t  the b e s t  DOC w a s  ob ta ined  wi th  an Mcr of 
0.94. Although t h e  range was less a t  Mach 0.94 than  a t  Mach 0.90, t h e  
g r e a t e r  b lock  speed at Mach 0.94 counterac ts  t h i s  e f f e c t  i n  t h e  DOC 
c a l c u l a t i o n s .  

S imi l a r  DOC r e s u l t s  are shown i n  f i g u r e  16(b)  f o r  t h e  range- 
optimized e n g l m s  w i t h  a c r u i s e  FPR of 2.25. The DOC p o i n t s  p l o t t e d  
i n  t h i s  f i g u r e  correspond t o  t h e  range p o i n t s  p l o t t e d  i n  f i g u r e  14 (b ) .  
Here, aga in ,  DOC is  b e s t  a t  a c r u i s e  Mach number of 0.94 wh i l e  range  
w a s  g r e a t e s t  a t  Mach 0.90. However, because t h e  range pena l ty  involved 
i n  inc reas ing  Mcr t o  0.98 is  n o t  as g r e a t  a t  t h e  h ighe r  FPR, t h e  DOC 
a t  Mach 0.98 i s  b e t t e r  t han  it i s  a t  Mach 0.90. With an  FPR of 1 .70,  
t h e  r e v e r s e  i s  t r u e  - that  i s ,  the D O C ' s  a t  Mach 0.98 are worse than 
they are a t  Mach 0.90. 

DOC d a t a  from f i g u r e s  16 (a )  and (b) has  been r e p l o t t e d  a g a i n s t  
c r u i s e  Mach number i n  f i g u r e  1 7  f o r  n o i s e  goa ls  of 96 and 106 PNdB. 
These DOC curves are analogous t o  t h e  range curves of f i g u r e  15(a). 
The curves of f i g u r e  1 7  show c l e a r l y  t h a t  t h e  b e s t  ( i . e . ,  lowest)  D O C ' s  
are obtained a t  c r u i s e  speeds of about Mach 0.94. A t  Mach 0.94 t h e  DOC 
inc reases  by only 0.014 c e n t  per  sea t - s ta tu te -mi le  when t h e  n o i s e  goa l  
is reduced from 106 t o  96 PNdB. I f  t h e  c r u i s e  speed is  increased  t o  
Mach 0.98, t h e  DOC inc reases  by 0.023 cent  pe r  seat-mile a t  t h e  96-PNdB 
n o i s e  goal .  A t  t h e  106-PNdB n o i s e  g o a l  (where t h e  FPR is  h i g h e r ) ,  t h e  
economic pena l ty  of i nc reas ing  t h e  c r u i s e  speed t o  Mach 0.98 i s  n o t  
nea r ly  as g r e a t .  Here, the i n c r e a s e  i n  DOC is  only  0.0065 cen t  pe r  
seat-s ta tu te -mi le  e 
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Ca lcu la t ion  of TOGW f o r  Previous ly  Optimized 

Cycles When Range is  Fixed 

The engine c y c l e s  which w e r e  p rev ious ly  optimized on a range  b a s i s  
are reeva lua ted  i n  terms of TOGW i n  t h i s  s e c t i o n  of t h e  r e p o r t  f o r  a 
f i x e d  range of 3000 n a u t i c a l  m i l e s .  The a i r f r ame  weight  w a s  assumed t o  
be a cons tan t  percentage of t h e  TOGW i n  t h e s e  c a l c u l a t i o n s .  The pay- 
load w a s  aga in  he ld  cons tan t  a t  300 passengers.  Engine a i r f l o w s ,  diam- 
eters, and weights  w e r e  recomputed on t h e  b a s i s  of t h e  d i f f e r e n t  t h r u s t  
levels r equ i r ed  a t  t h e  lower TOGW's. 
3000 m i l e s  w e r e  ob ta ined  f o r  t h e  optimum cyc le s  when TOGW w a s  f i x e d  a t  
386 000 pounds, t h e  TOGW's c a l cu la t ed  i n  t h i s  s e c t i o n  w i l l  a l l  be  less 
than  t h i s  amount.) 

(Since ranges g r e a t e r  than  

TOGW pena l ty  f o r  reduct ion  of combined j e t  and f a n  turbomachinery 
noise .  - Figure  18(a)  shows how TOGW varies wi th  n o i s e  goa l  a t  t h e  
t h r e e  c r u i s e  speeds under cons idera t ion  when t h e  FPR is f i x e d  a t  1.90. 
This  f i g u r e  i s  analogous t o  f i g u r e  1 4 ( a ) ,  except  t h a t  TOGW has  been 
s u b s t i t u t e d  f o r  range as t h e  o rd ina te .  From f i g u r e  1 8 ( a ) ,  i t  appears 
t h a t  t h e r e  is  ve ry  l i t t l e  i n c r e a s e  i n  
duced a t  c r u i s e  speeds of Mach 0.90 t o  0.94. But when c ru i se ' speed  is  
increased  t o  Mach 0.98, t h e  i n c r e a s e  i n  TOGW becomes more severe as 
n o i s e  goa l  is reduced. 

TOGW when t h e  no i se  g o a l  i s  re- 

Figure  18(b)  shows t h e  v a r i a t i o n  of TOGW wi th  no i se  g o a l  when 
c r u i s e  FPR is f i x e d  a t  2.25. This f i g u r e  is analogous t o  f i g u r e  14(b) 
wi th  TOGW s u b s t i t u t e d  f o r  range as t h e  o rd ina te .  It appears from f i g -  
u r e  18(b) t h a t  t h e r e  is  very  l i t t l e  i n c r e a s e  i n  TOGW as soc ia t ed  w i t h  
reducing t h e  n o i s e  goa l  f o r  any of t h e  des ign  c r u i s e  speeds considered.  

Resu l t s  w i t h  20 PNdB of turbomachinery n o i s e  suppress ion .  - I n  f i g -  
i s  p l o t t e d  a g a i n s t  c r u i s e  Mach number f o r  n o i s e  goa ls  of u r e  19 (a )  TOGW 

106 and 96 PNdB. Data f o r  t h e  106 PNdB curve w a s  taken from f i g u r e  18(b) 
f o r  t h e  two-stage-fan engines wi th  an  FPR of 2.25. Data f o r  t h e  
96 PNdB curve w a s  taken from f i g u r e  18(a)  f o r  t h e  s ingle-s tage-fan en- 
g ines  wi th  an  FPR of 1.70. These n o i s e  goa l s  were s e l e c t e d  f o r  f u r t h e r  
s c r u t i n y  because they  can b e  a t t a i n e d  wi th  approximately 20 PNdB of tu r -  
bomachinery n o i s e  suppression.  F igure  19(a)  is analogous t o  f i g u r e  15(a) 
wi th  TOGW s u b s t f t u t e d  f o r  range as t h e  o rd ina te .  F igure  19 (a )  empha- 
s i z e s  the s i g n i f i c a n t  i n c r e a s e  i n  TOGW t h a t  is  requ i r ed  when c r u i s e  
speed i s  increased  from Mach 0.94 t o  0.98. This  i nc rease  is  e s p e c i a l l y  
s i g n i f i c a n t  f o r  t h e  96-PNdB n o i s e  curve. The f i g u r e  shows t h a t  a t  t h e  
lower Mach numbers (up t o  Mer = 0.94) t h e r e  is only a modest rise i n  t h e  
TOGW requirement f o r  a n o i s e  goa l  of 96 PNdB as opposed t o  106 PNdB. A t  
Mach 0.94 a TOGW 
106 PNdB. A TOGW of 281 000 pounds is requ i r ed  t o  meet a n o i s e  g o a l  of 
96 PNdB at  t h e  same speed. F igures  15(b-e) show some of t h e  charac te r -  
ist ics of t h e  optimum cycles  which are independent of s i z e .  Fig- 
u r e s  19(b-d) show t h e  s i z e - r e l a t e d  c h a r a c t e r i s t i c s  f o r  t h e  engines used 
i n  the  a i r p l a n e s  of f i g u r e  1 9 ( a ) .  

of 267 000 pounds i s  r equ i r ed  t o  meet a n o i s e  goa l  of 
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Direct opera t ing  c o s t .  - DOC i s  shown p l o t t e d  i n  f i g u r e  20(a) f o r  
t h e  optimum engines w i t h  a c r u i s e  FPR of 1.70 w i t h  range  f i x e d  a t  
3000 n a u t i c a l  m i l e s .  The DOC p o i n t s  p l o t t e d  i n  t h i s  f i g u r e  correspond 
t o  t h e  TOGW p o i n t s  p l o t t e d  i n  f i g u r e  18 (a ) .  The DOC pena l ty  assoc i -  
a t ed  wi th  inc reas ing  t h e  c r u i s e  speed from Mach 0.90 t o  0.94 is  s o  s l i g h t  
t h a t  i t  could w e l l  b e  ignored. The penal ty  involved i n  r a i s i n g  t h e  
c r u i s e  speed t o  Mach 0.98, however, might b e  s i g n i f i c a n t  ( j u s t  under 
0.09 cent/seat-s-mi a t  a n o i s e  goa l  of 96 PNdB). 

S imi la r  r e s u l t s  are shown i n  f i g u r e  20(b) f o r  optimum engines  wi th  
a c r u i s e  FPR of 2.25 wi th  range f i x e d  a t  3000 m i l e s .  These DOC p o i n t s  
correspond t o  t h e  TOGW'S p l o t t e d  i n  f i g u r e  18(b) .  A t  t h i s  h ighe r  FPR 
t h e r e  does appear t o  b e  some economic b e n e f i t  t o  c r u i s i n g  a t  Mach 0.94 
i n s t e a d  of Mach 0.90. Also,  r a i s i n g  t h e  c r u i s e  speed t o  Mach 0.98 is no t  
q u i t e  as severe a penal ty  DOC-wise as i t  w a s  a t  t h e  lower FPR, re la t ive 
t o  t h e  D O C ' s  obtained a t  t h e  lower c r u i s e  speeds.  

DOC d a t a  from f i g u r e s  20(a) and (b) have been r e p l o t t e d  a g a i n s t  
c r u i s e  Mach number as t h e  s o l i d  curves  i n  f i g u r e  21(a) f o r  n o i s e  goa ls  
of 96 and 106 PNdB. These 3 0 0 0 m i l e  DOC curves are analogous t o  t h e  
TOGW curves of f i g u r e  1 9 ( a ) .  For comparison, t h e  DOC curves  f o r  a 
cons tan t  TOGW and v a r i a b l e  range ( f i g .  17) have been r e p l o t t e d  i n  f i g -  
u r e  21(a) as t h e  broken curves.  By comparing t h e  two sets of curves  i t  
is seen  t h a t  t h e  r educ t ion  i n  TOGW t h a t  w a s  accomplished by f i x i n g  t h e  
range a t  3000 n a u t i c a l  m i l e s  lowered t h e  level of DOC 
accentuated changes r e s u l t i n g  from increments i n  c r u i s e  Mach number o r  
no i se  g o a l  reduct ion .  

gene ra l ly  and 

The l a r g e  d i f f e r e n c e  between t h e  s o l i d  curves  and t h e  broken curves 
a t  Mach 0.94 and below r e s u l t s  from t h e  f a c t  t h a t  TOGW w a s  ca l cu la t ed  
t o  b e  more than 100 000 pounds less when range w a s  f i x e d  a t  3000 m i l e s .  
The reduced TOGW w a s  p a r t l y  due t o  t h e  assumption t h a t  a i r f r ame  weight 
f r a c t i o n  should remain cons tan t  f o r  s ca l ed  similar a i r p l a n e s .  Actua l ly ,  
t h e  a i r p l a n e s  were n o t  e n t i r e l y  similar a f t e r  f i x i n g  t h e  range and reduc- 
ing  t h e  TOGW because t h e  number of passengers  and, hence, f u s e l a g e  
dimensions were f i x e d .  This  nons imi l a r i t y  may cause t h e  a i r f r ame  weight 
f r a c t i o n  t o  i n c r e a s e  s l i g h t l y  as TOGW is  reduced. Airframe weight  
f r a c t i o n  should probably b e  increased  an  a d d i t i o n a l  amount as range  is  
reduced because of t h e  g r e a t e r  number of takeoff  and landing  cyc le s  i n  a 
shor te r -haul  ope ra t ion  i n  a g iven  per iod of t i m e .  A s t r eng then ing  of t h e  
s t r u c t u r e  would probably be requi red  t o  provide f a t i g u e  l i f e  equ iva len t  
t o  t h a t  of t h e  longer-range a i r p l a n e s .  Such cons ide ra t ions  were ignored 
i n  t h i s  s i m p l i f i e d  a n a l y s i s  and c o n t r i b u t e  t o  what appears t o  b e  a wide 
displacement between t h e  s o l i d  and broken curves of f i g u r e  21(a) .  The 
D O C ' s  of bo th  sets of curves ,  however, appear t o  minimize near  t h e  middle 
of t h e  range of c r u i s e  speeds s tud ied .  For t h e  f i x e d  range of 3000 m i l e s ,  
t he  DOC a c t u a l l y  minimized a t  Mach 0.94 f o r  t h e  106-PNdB goa l  and 
Mach 0.92 f o r  t h e  96-PNdB goal .  But very  l i t t l e  i n c r e a s e  i n  DOC is 
introduced by r a i s i n g  t h e  c r u i s e  speed t o  Mach 0.94 f o r  t h e  96-PNdB n o i s e  
goa l  and Mach 0.95 f o r  t h e  106-PNdB n o i s e  goa l .  A t  t h e s e  speeds ,  DOC i s  
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increased  by only about 0.02 cent  pe r  sea t - s ta tu te -mi le  when t h e  n o i s e  
goa l  is reduced from 106 t o  96 PNdB. 
l a r g e  economic penal ty  t o  pay f o r  a 10 PNdB reduc t ion  i n  no i se .  
c r u i s e  speed i s  increased  t o  Mach 0.98, t h e  DOC inc reases  by about 
0.08 c e n t  per  seat-mile at t h e  96 PNdB n o i s e  g o a l ,  r e l a t i v e  t o  i t s  va lues  
f o r  a Mach-0.94 c r u i s e .  A t  t h e  106-PNdB goa l ,  t h e  DOC rises by only 
about 0.03 cent  pe r  seat-mile when speed i s  increased  t o  Mach 0.98. 

This  does no t  seem t o  be  a very  
I f  t h e  

The a i r p l a n e  p r i c e s  obtained by t h e  procedure d iscussed  i n  t h e  
"Method of Analysis" ranged from $12 t o  14  m i l l i o n  f o r  t h e  optimum cases, 
depending on c r u i s e  speed. 
present-day a i r f rame and engine c o s t s ,  bu t  may b e  somewhat low f o r  ad- 
vanced technology a i r p l a n e s  s e l l i n g  i n  1978. Hence t h e  DOC ca lcu la-  
t i o n s  w e r e  repea ted  w i t h  a 50 percent  i n c r e a s e  i n  a i r f rame and engine 
c o s t s  assumed. The r e s u l t s  are shown i n  f i g u r e  2 l (b )  and show a s l i g h t l y  
g r e a t e r  pena l ty  f o r  reducing t h e  n o i s e  from 106 t o  96 PNdB. The penal ty  
f o r  i nc reas ing  t h e  c r u i s e  speed t o  Mach 0.98 is  a l s o  somewhat h igher .  
The DOC a t  t h e  "bucket" of t h e  106-PNdB curve r o s e  from 0.484 t o  0.602 
cent  pe r  seat-mile because of t h e  50-percent rise i n  a i r p l a n e  p r i c e .  A t  
t h e  96-PNdB no i se  g o a l ,  t h e  DOC r o s e  from 0.504 t o  0.631 c e n t  p e r  seat- 
m i l e  a t  t h e  ''bucket'' because of t h e  i n c r e a s e  i n  a i r p l a n e  p r i c e .  
D O C ' s  a t  t h e  h igher  a i r p l a n e  p r i c e s  are comparable t o  those  obta ined  
wi th  t h e  DC8-61 wi th  251. seats. The s e l l i n g  p r i c e  of a DC8-61, however, 
w a s  less than h a l f  t h a t  of t h e  advanced technology a i rp l anes .  This  i n d i -  
cates t h a t  t he  advanced technology a i r p l a n e s  ope ra t e  more e f f i c i e n t l y  and 
by s o  doing tend t o  nega te  t h e i r  i n i t i a l  c o s t  disadvantage.  A t  t h e  same 
t i m e ,  t h e  advanced technology a i r p l a n e s  w i l l  be  considerably more q u i e t .  

These p r i c e s  w e r e  es t imated  on t h e  b a s i s  of 

These 

DOG, of course ,  does no t  p re sen t  t h e  e n t i r e  economic p i c t u r e .  It 
does n o t ,  f o r  i n s t a n c e ,  show how load  f a c t o r  might be a f f e c t e d  by t h e  
i n t r o d u c t i o n  of competing a i r p l a n e s  designed f o r  h igher  c r u i s e  speeds.  
Hence, although t h e  lowest  D O C ' s  occur a t  des ign  speeds between Mach 0.92 
and 0.94, load f a c t o r  (and, t h e r e f o r e ,  prof f t a b i l i t y )  could b e  adverse ly  
a f f e c t e d  by t h e  i n t r o d u c t i o n  of f a s t e r  a i r p l a n e s  i f  block t i m e s  are s i g -  
n i f i c a n t l y  reduced. For t h i s  reason ,  t h e  b lock  t i m e  d i f f e r e n c e  between 
Mach 0.98 and 0.94 a i r p l a n e s  has  been p l o t t e d  a g a i n s t  t o t a l  r ange  i n  f i g -  
u r e  22. The b lock  t i m e  d i f f e r e n c e  i s  11.5 minutes f o r  t h e  range con- 
s ide red  i n  t h i s  s tudy  ( i e e e ,  3000 n mi) .  It i s  unknown whether such a 
t i m e  d i f f e r e n c e  would prove t o  be too  much of a competi t ive d isadvantage  
f o r  t h e  Mach 0.94 a i r p l a n e s  i f  they were threa tened  wi th  competi t ion from 
a i r p l a n e s  designed f o r  Mach 0.98. Ac tua l ly ,  a range of 3000 n a u t i c a l  
m i l e s  is  more than  would normally b e  encountered on domestic United 
S t a t e s  rou te s .  
might more t y p i c a l l y  r ep resen t  a long-range domestic f l i g h t .  The b lock  
t i m e  d i f f e r e n c e  between Mach 0,94 and 0.98 a t  t h i s  range is  only  about 
8.3 minutes.  When b lock  t i m e s  are cons idered ,  however, i t  does seem 
worthwhile t o  i n c r e a s e  t h e  des ign  speed t o  a p o i n t  j u s t  t o  t h e  r i g h t  of 
t he  "bucket" of t h e  DOC curves of f i g u r e s  2 f ( a )  and (b) s i n c e  s o  l i t t l e  
penal ty  i n  DOC i s  involved by s o  doing. With t h i s  c r i t e r i o n ,  a good 
c r u i s e  speed s e l e c t i o n  might be  Mach 0.95 f o r  t h e  106 PNdB n o i s e  goa l  and 
Mach 0.94 f o r  t h e  96 PNdB n o i s e  goal .  

The range from New York t o  San Franc isco  (2235 n mi) 
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CONCLUDING REMARKS 

A paramet r ic  s tudy  w a s  made of a group of separate-flow-exhaust 
turbofan engines  f o r  u s e  i n  advanced technology a i r p l a n e s  designed f o r  
c r u i s e  speeds ranging from Mach 0.90 t o  0.98. I n i t i a l  c r u i s e  a l t i t u d e s  
ranged from 36 449 f e e t  a t  Mach 0.90 t o  40 000 f e e t  a t  Mach 0.98. A 
schedule  of c r u i s e  l i f t - d r a g  r a t i o  a g a i n s t  Mach number compatible wi th  
a i rp l anes  us ing  t h e  Whitcomb s u p e r c r i t i c a l  wing w a s  chosen. A l l  air- 
planes i n  t h i s  s tudy  embodied area-ruled fuse l ages  capable  of s e a t i n g  
300 passengers.  Three aft-mounted engines  of advanced, l i gh twe igh t  tech- 
nology were used f o r  a l l  t h e  s tudy  a i r p l a n e s .  
machinery n o i s e  c a l c u l a t i o n s  w e r e  made f o r  s e l e c t e d  cyc le s  a t  both  t h e  
s i d e l i n e  and approach measuring s t a t i o n s  s p e c i f i e d  by FAR P a r t  36. 
ing  amounts of a c o u s t i c  t rea tment  were appl ied t o  t h e  i n l e t ,  d u c t ,  and 
n a c e l l e  t o  o b t a i n  d i f f e r e n t  levels of turbomachinery no i se .  

Combined j e t  and f a n  

Vary- 

The engine parameters of bypass r a t i o ,  compressor p re s su re  r a t i o ,  
c r u i s e  t u r b i n e  r o t o r - i n l e t  temperature ,  and a i r f low w e r e  optimized a t  
c r u i s e  f a n  p res su re  r a t i o s  of 1.70 and 2.25. The takeoff  t u r b i n e  ro tor -  
i n l e t  temperature  w a s  f i x e d  a t  2300' F. The FPR of 1.70 is  a conserv- 
a t i v e  upper l i m i t  of p re s su re  r a t i o  f o r  a s ing le - s t age  f a n .  
s t a g e  f a n s  are d e s i r a b l e  from a machinery n o i s e  s tandpoin t  s i n c e  experi-  
mental  d a t a  i n d i c a t e  t h a t  mul t i - s tag ing  a t  any given FPR inc reases  t h e  
perceived n o i s e  about 8 PNdB. Higher FPR's are d e s i r a b l e ,  however, be- 
cause they improve t h e  a i r p l a n e  f i g u r e  of m e r i t .  FPR's h igher  t han  2.25 
were n o t  considered because of t h e  g r e a t e r  d i f f i c u l t y  of suppress ing  f a n  
machinery n o i s e  t o  a given l e v e l .  

Single-  

It w a s  found t h a t  approach n o i s e  f o r  t h e  a c o u s t i c a l l y  un t r ea t ed  
engines v a r i e d  from 114 t o  126 PNdB. 
va r i ed  from 104 t o  115 PNdB. FAR P a r t  36 r e q u i r e s  t h a t  t h e s e  n o i s e  
l e v e l s  b e  106 EPNdB o r  less f o r  t h e  takeoff  gross  weights  considered 
here .  ( I n  t h i s  r e p o r t ,  t h e  PNdB scale i s  used i n s t e a d  of t h e  EPNdB scale 
t o  s i m p l i f y  t h e  c a l c u l a t i o n s ;  t h e  e r r o r  introduced by so  doing is probably 
less than  t h a t  which would be in t roduced  by making f u r t h e r  assumptions 
requi red  about d i r e c t i v i t y  and maximum pure tones t h a t  are needed f o r  t h e  
EPNdB ca lcu la t ion . )  The machinery n o i s e  w a s  t h e  prime of fender  f o r  most 
of t h e s e  un t r ea t ed  engines - t h e  except ion being t h e  no i se  of t h e  low-FPR 
engines designed f o r  Ob- 
v ious ly ,  t hen ,  a c o u s t i c  t rea tment  of t h e  in le t -duc t -nace l le  combination 
and/or  cyc le  modi f ica t ion  i s  requi red  t o  b r i n g  t h e  n o i s e  under c o n t r o l .  

S i d e l i n e  n o i s e  f o r  t h e s e  engines 

Mer Z 0.94, measured a t  t h e  s i d e l i n e  s t a t i o n .  

For t h e  optimized engines  w i t h  a des ign  FPR of 2.25, t h e  j e t  n o i s e  
f loor ' '  w a s  s o  low t h a t  cyc le  modi f ica t ions  were n o t  requi red  t o  reduce 

the  n o i s e  level t o  106 PNdB. About 20 PNdB of acous t f c  t rea tment  ( i . e . ,  
' t h e  a d d i t i o n  of concen t r i c  a c o u s t i c a l l y  l i n e d  i n l e t  s p l i t t e r  r i n g s  and 

w a l l  l i n i n g  f o r  t h e  i n l e t ,  duc t ,  and n a c e l l e )  w a s  requi red .  For t h e  
s ing le - s t age  f a n s  (FPRcr = 1.70) ,  however, c y c l e  modi f ica t ions  were re- 
quired i n  many cases, a t  t h e  same t i m e  t h a t  turbomachinery a c o u s t i c  
t rea tment  w a s  app l i ed ,  i n  o rde r  t o  opt imize t h e  cyc le  a t  each n o i s e  level.  

' I  



With 20 PNdB of turbomachinery a c o u s t i c  t rea tment ,  n o i s e  goa l s  of 92 t o  
96 PNdB can b e  m e t  w i th  t h e  lower FPR, depending on t h e  Mer which i s  
chosen. (20 PNdB of turbomachinery n o i s e  suppress ion  r e q u i r e s  some ad- 
vancement of technology; t o  d a t e ,  t h e  maximum demonstrated suppress ion  
i s  1 5  PNdB.) 

Cruise  bypass r a t i o  optimized a t  about 4 f o r  t h e  engines  having an 
FPR of 2.25. Overall f a n  and compressor p re s su re  r a t i o  ranged from 
32 t o  36 over t h e  spectrum of c r u i s e  speeds considered here .  Optimum 
c r u i s e  bypass r a t i o  f o r  t h e  s ing le-s tage  f a n  engines (FPR,, = 1-70)  
ranged from 4 t o  6 ,  depending on c r u i s e  speed and amount of suppress ion .  
For 20 PNdB of suppress ion ,  BPR optimized a t  about 6 ,  r e g a r d l e s s  of 
c r u i s e  speed. For 20 PNdB of suppress ion ,  t h e  o v e r a l l  f a n  and compressor 
p re s su re  r a t i o  optimized over a range from 36 t o  41, depending on c r u i s e  
speed. Overa l l  p re s su re  r a t i o ,  however, does n o t  s t rong ly  in f luence  t h e  
a i r p l a n e  f i g u r e  of m e r i t  (e .g . ,  TOGW o r  DOC) and can be  reduced t o  
levels of 25-30 without  s i g n i f i c a n t  adverse e f f e c t .  (Control  of n i t r o g e n  
oxide emissions is l i k e l y  t o  b e  easier a t  t h e s e  lower p re s su re  r a t i o s . )  

When range w a s  f i x e d  a t  3000 n a u t i c a l  m i l e s ,  TOGW minimized a t  a 
c r u i s e  speed of Mach 0.92 f o r  an FPR of 2.25 and Mach 0.90 f o r  an FPR 
of 1.70. The TOGW minimized a t  262 000 pounds f o r  t h e  suppressed two- 
s t a g e  f a n s  meeting t h e  106-PNdB n o i s e  goa l  and a t  268 000 pounds f o r  t h e  
suppressed s ing le - s t age  f a n s  meeting t h e  96-PNdB goal .  Direct ope ra t ing  
c o s t ,  however, minimizes a t  a s l i g h t l y  h igher  Mach number than  TOGW 
because of t h e  b e n e f i c i a l  e f f e c t  of t h e  lower block t i m e  obtained a t  
h igher  c r u i s e  speeds.  DOC minimized a t  Mach 0.94 f o r  an FPR of 2.25 
and Mach 0.92 f o r  an  FPR of 1.70. Only a ve ry  s l i g h t  i n c r e a s e  i n  DOC 
is  incur red  by r a i s i n g  t h e  c r u i s e  speed t o  Mach 0.95 f o r  an  FPR of 
2.25 and Mach 0.94 f o r  an FPR of 1.70. With a i r p l a n e  c o s t s  based on 
those of e x i s t i n g  a i r p l a n e s  of t h e  same weight ,  DOC 
i n  t h e  v i c i n i t y  of 0 .5  cent  pe r  sea t - s ta tu te -mi le  f o r  t h e s e  optimum 
engines wi th  20 PNdB of suppress ion .  
cos t  i s  assumed, DOC'S minimize a t  s l i g h t l y  more than  0.6 c e n t  per  seat- 
m i l e .  

w a s  computed t o  b e  

I f  a 50 percent  r ise i n  a i r p l a n e  

What appear t o  b e  s i g n i f i c a n t  DOC p e n a l t i e s  are incu r red  by in-  
c r eas ing  t h e  des ign  c r u i s e  speeds t o  Mach 0.98. 
crease from Mach 0.94 t o  0.98, a block t i m e  sav ing  of about 11.5 minutes 
can b e  r e a l i z e d  over a 3000-nautical-mile range. For a t y p i c a l  American 
t r a n s c o n t i n e n t a l  range,  t h e  b lock  t i m e  sav ing  would only b e  about  8 min- 
u t e s .  It i s  unknown whether block t i m e  savings2a&&his amount would w a r -  
r a n t  i nc reas ing  t h e  c r u i s e  speed t o  Mach 0.98. 

For a c r u i s e  speed in-  

Only s l i g h t  TOGW and DOC inc reases  were encountered i n  t h e  
v i c i n i t y  of Mach 0.94 when n o i s e  w a s  reduced by 10 PNdB by swi tch ing  
from t h e  two-stage t o  t h e  s ing le - s t age  f a n  engines wi th  a hfgher  bypass 
r a t i o .  TOGW increased  about 10 000 pounds. The DOC increased  by only 
0.03 cent  pe r  sea t - s ta tu te -mi le .  
p r i c e  t o  pay f o r  n o i s e  r educ t ions  of t h i s  magnitude. For n o i s e  levels 

These p e n a l t i e s  seem t o  b e  a s m a l l  
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below 92 t o  96 PNdB, des ign  FPR's lower than  1.70 are probably d e s i r a b l e ,  
b u t  were not  considered i n  t h e  p re sen t  s tudy .  
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TABLE I. - EFFECT OF DESIGN FAN PWSSURE RATIO AND CRUISE SPEED ON 
RANGE OF ACOUSTICALLY-TREATED* OPTIMUM AIRPLANES 

Noise 

PNDB 
goal, 

None 
10 6 
96 

None 
10 6 
96 

None 
106 
96 

R k? FPR = 1.7, 
n mi 

4175 
4145 
4102 

3985 
3950 
3910 

3410 
3346 
3280 

R @ FPR = 2.25, 
n mi 

4245 
4180 
---- 

4175 
4115 ---- 

3740 
3680 ---- 

AR = %PR=2*25 - %PR=1.7’ 
n mi . 

70 
35 --- 

190 
165 --- 

330 
334 

Acoustic treatment limited to an assumed maximum of 20 PNDB. 
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